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Abstract 
The design and development of large scale seals, under a variety of loads and how they can 
be monitored for fault diagnosis and life prediction, have been investigated in this study. The 
work builds upon ideas of developing a physically based mathematical model of an 
elastomeric lip seal. The approach utilised finite element analysis to simulate its in-service 
operating condition, in order to obtain parameters needed to be considered for credible life 
performance of such seal, and therefore allow an extension for new large scale problems, in 
which the application can be used under increased loads. 
 Accurate modelling requires the knowledge of the boundary condition, material properties and 
some real life data, which are key parameters to developing a reliable optimised model and a 
system to enable condition monitoring of seal. The material properties of an elastomer, 
subjected to tension and compression loads are obtained in this work, whilst putting into 
consideration the large strain nonlinear elasticity exhibited by the materials. Hyperelastic 
material models were utilised, since they put into consideration material nonlinearity of 
elastomers. This eliminates the shortcomings of the conventional Hookean material law 
currently used in the industries for seal design study.  
Considering the potential for the demand of a seal monitoring and diagnostic system in the 
future, this thesis introduces a new, in-process cognitive expert system structure. The 
structure consists of a knowledge base and an inference model, that is able to evaluate the 
fault severity of a seal system based on the knowledge provided to it. A case study herein 
reveals that the structure is able to retain control rules taught to it for the assessment of a 
sealing process. A computer simulation has been used to analyse, illustrate and evaluate the 
reliability of the structure, and it shows that it can play a key role in successful application of 
artificial intelligence technique to monitor the seal and similar assets.    
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Chapter 1 
Introduction 
1.1 Background 
The increasing speed of mechanical systems, warranted by the desire for increased 
productivity, leads to higher operating temperatures that reduce working fluid viscosity. This 
factor can cause fluid leakage to prevail. Such leakage in systems carrying highly inflammable 
agents cannot be overlooked because of the high possibility of fire hazard. In addition to 
wasted resources, unattended leaks can result in downtime, pollute the environment, affect 
product quality and cause serious injury, just to mention a few. Of course, it is usually a 
common practice to include a safe leakage route in a fluid carrying application, with the aim of 
directing all leakage to an escape or collection point, in order to prevent accident. Such 
practice is a cumbersome and wasteful solution, both in terms of resources and also the 
additional space needed to accommodate the device (Chandrasekaran 2010; Belfort et al. 
2011). 
 
Figure 1.1 Fluid leakage in a steam turbine feed pump (Sunair, 2013) 
Leakage trough 
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1.2 Rotary Lip Seal 
Rotary lip seals were developed around the 1940s for use in a wide range of equipment and 
mechanical applications, such as industrial pumps, compressors, turbines, automobiles and 
power plant machines. The primary function of such a seal is to provide an effective means of 
sealing a rotating shaft unit, by preventing leakage of lubricant that help inhibit excessive wear 
and to avoid penetration of external contaminants into the sealed fluid system (Horve, 1996).   
This research is in collaboration with James Walker seals, Cumbria, UK, manufacturer of 
rotary lip seals. As such, the work presented in this study focuses on the advanced modelling 
of large scale rotary lip seals for the use in wind turbines and stern tube of a marine propulsion. 
There exists a variety of methods used to describe the geometries and components of a rotary 
lip seal, depending upon the intended application and preference of the seal manufacturer. 
Irrespective of the manufacturer’s choice of design, rotary seals fundamentally consist of an 
oil resistant sealing element, constructed of an elastomer (NBR, HBNR, FKM) or  plastic 
(PTFE) which has an elasticity modulus lower than the mating shaft  and bonded to a 
steel/fibre case. A garter spring is often included in the seal configuration, to augment the 
sealing force between the elastomer and shaft, when subjected to heat and chemical attack. 
Figure 1.2 depicts a rotary lip seal running on shaft, and Figure 1.3 shows an axisymmetric 
section of such seal. 
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Figure 1.2 Cut-section of a rotary lip seal running on shaft 
(Baart, 2009) 
 
Figure 1.3 Axisymmetric section of a rotary seal running on shaft (Y as the axis of symmetry) 
 (Shen & Salant, 2007) 
The elastomeric element has inner diameter smaller than the shaft external diameter. The 
difference between these two diameters is termed “interference”. When the seal is installed, 
the elastomeric lip is flexed outward, thereby creating a contact force between the elastomer 
lip and its mating shaft. Whilst the shaft operates, the elastomer ring will stretch out to follow 
 
a  
 
b 
4 
 
the shaft’s motion, in order to maintain a barrier that prevents leakage. Two different angles 
are formed at the point where the seal lip mates with the shaft namely; air side angle (α) and 
oil side angle (β). The air side is that portion of the lip surface that faces the air or external part 
of the application, while the oil side is the portion of the lip that faces the working fluid. The 
angle on the oil side of the seal is steeper than that on the air side with a typical design angle 
of 40-45o for β and 25-30o for α when the seal is in a free state. Once installed on the shaft, 
these angles change by about 10o. The air side angle is made smaller than that of the oil side, 
to ensure that the desired pressure gradient required for pumping action that prevents leakage 
is generated (Flitney, 2007). 
1.3 Rotary Lip Seal Damage and Seal Failure. 
A major setback of radial seals in sealing application is the lack of ability to monitor them 
before an impending failure occurs. Therefore, undamaged seals are often replaced during 
routine maintenance with the aim of preventing catastrophe. Horve (1996) explained that when 
a seal becomes damaged, very often the seal is removed and returned to the manufacturer 
with a request that the company explain why the leakage occurred. This is often an impossible 
task because the evidence that could define the root cause of failure is not included or is 
destroyed when the seal is removed. Chandrasekaran (2010) explained that in a case where 
a seal leaks for no apparent reason but shows swelling, blisters or cracks, it could be reacting 
with the fluid that it is sealing. This problem of swelling is especially severe if the fluid has a 
molecular structure similar to that of the elastomer material. For this reason, seal materials 
are normally chosen on the basis of chemical compatibility with the process fluid but, even if 
the seal and fluid are chemically compatible, they still can interact physically, thus leading to 
leakage. Horve (1996) further highlighted other major causes of seal defects as excessive 
wear, high dynamic run out hardened seal lip, broken seal lip, softening of elastomer 
component, and coked oil on lip and deep crack. Some of this failure types are presented in 
Appendix A 
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1.4 Research Aim 
 The aim of this research is to develop a framework for the design and development of large 
scale seals under a variety of loads and how they can be monitored throughout their service 
life. 
1.5 Research Objectives   
The objective investigates new methods of sealing mechanical systems under thermal and 
pressure loads. The work builds upon the initial ideas developed on a special application rotary 
lip seal used in wind energy turbines and marine propulsion, in order for alternative system to 
be used for new large scale problems, in which the application can be used under increased 
pressure. The work is carried out using finite element modelling on nonlinear elastomeric 
materials on various profiles, to determine the range of possible geometries for various sized 
sealing systems. The new proposed system includes a monitoring system, which can enable 
the seal to be monitored throughout its working life and therefore reduce high maintenance 
level currently employed.  
In achieving these goals, the research:- 
 Explores rotary lip seals used in mechanical application with the principle of operation. 
 Provides an overview of the mechanical behaviour of elastomers used in lip seal 
design. 
 Relates the physics of elastomers. 
 Models the behaviour of elastomers in tension and compression loading conditions 
using experiment and finite element modelling. 
 Validates FE modelling with test data 
 Replicates a real-life working operation of radial lip seals, using finite element analysis 
to satisfy the parameters needed for credible life prediction of seals. 
 Develops an expert system structure to enable seals and similar engineering assets to 
be monitored throughout their service life.  
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1.6 Contributions to Knowledge of the Thesis 
In the achievement of the above research objectives, the following contributions are made: 
i. An experimental and FE modelling was devised for obtaining elastomer material 
properties, that puts into consideration material nonlinearity in lieu of the Hookean 
approximate currently used in industries for numerical study of elastomers  
ii. A computational modelling technique was devised to investigate different seal profiles 
for design optimisation, using FEA to model a seal system instead of the costly trial by 
error experimental tests used in industries. 
iii. A health diagnostic and life prediction expert system structure was developed, to 
enable in-service seals to be monitored and assessed. 
1.7 Thesis Structure 
The main body of this thesis comprises ten chapters. The outline of the chapters is provided 
below: 
 Chapter 1 : Introduction 
Chapter 1 gives an overview of the importance of seals to industrial applications. The 
current problems associated with seal failure and the difficultly with seal failure 
detection are briefly discussed. It summarises the aim, research objectives, 
contributions made and thesis structures.  
 Chapter 2: Literature Review 
This chapter presents the importance of understanding the principle behind lip seal 
operation. It gives a review of relevant literatures to understand the working principle 
of elastomeric lip seals, via experimental and numerical approaches from existing 
work, in order to understand parameters needed for credible seal design and 
performance. Finally the chapter summarises problems associated with existing work 
in seal design, which are further investigated in this thesis. 
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 Chapter 3: Finite Element Modelling 
This chapter introduces the finite element methodology, the solution scheme for 
nonlinear elastomeric components, and the hyperelastic constitutive models to be 
adopted in modelling elastomeric seal in subsequent studies. 
 Chapter 4: Experimental Analysis and Material Evaluation for Seal Design 
In this chapter, mechanical and thermal characterisation of the properties of an 
elastomeric seal material are presented and also how these material properties can be 
used for lip seal study using FEA. Work in the chapter includes an experimental test 
for material data characterisation and also a numerical study of hyperelastic material 
parameters that have been obtained. 
 Chapter 5: Lip Seal Finite Element Modelling and Numerical Study 
This chapter presents finite element characterisation of seal design. FEA was carried 
out on several seal cross-sections and the results generated were compared against 
experimental studies and analytical findings from similar works found in literatures. 
 Chapter 6: Experiment and Data Correlation Analysis 
In this chapter, an experimental test is conducted on lip seal in order to acquire 
information concerning seal life, based on a test rig that simulates stern tube for marine 
propulsion. In particular, the emphasis of the chapter is to explore the correlation that 
exists between measurable variables from the experiment and parameters obtained 
from FEA, in order to facilitate the condition monitoring of a seal system. 
 Chapter 7: Condition Monitoring and Fault Diagnosis for Seal 
This chapter presents a literature review to help establish one of the contributions of 
this research, which focuses on developing a model that can be used to monitor seals. 
The objective of this chapter is to investigate the current techniques and approaches 
used in monitoring mechanical face seals and other similar engineering assets, which 
can form a base to develop a seal monitoring system. 
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 Chapter 8: Expert System 
This chapter looks into how a system can be developed to satisfy seal monitoring using 
information which has been obtained in previous chapters from analytical and 
experimental studies. Research into expert systems and fuzzy logic is covered, with 
the emphasis on their practical application to monitor the seal. 
 Chapter 9: Development of Expert System for Seal Health Diagnosis and 
Life prediction 
An ES structure is developed in this chapter based on findings from chapter 8. This 
model uses qualitative linguistic rules, obtained from human experiences and the 
analytical results from the FEA in chapter 5 and experimental tests of chapter 6, to 
adapt the fuzzy logic control rules and adjust the membership functions by training 
them with a software algorithm. Also, a computer simulation is carried out to illustrate 
the application of the expert system model for seal monitoring. 
 Chapter 10: Conclusion and Recommendations 
This is the final chapter. It summarises the main conclusions from the thesis and makes 
recommendations for future work. 
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Chapter 2 
Literature Review 
This chapter presents a literature study to understand the working principle of elastomeric 
lip seals using information found in related existing work. The sections in this chapter explore 
the mechanisms required for effective sealing to take place. They also give an insight on how 
to achieve a long-lasting performance lip seal. The modelling of lip seals from computational 
studies is discussed and the chapter ends by exploring the material behaviour of an 
elastomeric lip seal. 
2.1 The Working Principle of a Rotary Lip Seal 
Elastomeric lip seals appear deceptively simple. A complete and detailed understanding of 
the working behaviour, design and modelling has not been attained, the major reasons being 
that the physical mechanisms governing the working operation of a radial lip seal is difficult to 
observe and develop and also elastomeric materials exhibit a complex and highly nonlinear 
material behaviour compared to a Hookean materials, say steel (Horve, 1996).  
When a rotary seal is examined closely two important questions usually arise. Firstly whether 
there is the presence of a film between the shaft and seal that separate these two regions and 
secondly if so, what protects the film from leaking out? 
Jagger (1957) showed that a lip seal operating in a steady state condition has a full film 
lubrication, which is established at the sealing zone that separates the elastomeric lip from the 
shaft. He measured this film thickness and found the thickness to be within the range of 1 −
2𝜇𝑚. He explained that the film plays an important role in reducing wear, thus preventing 
mechanical and thermal damage at the seal lip.  
Ishiwata & Hirano (1966) estimated pressure distribution between the lip and shaft, and found 
that the fluid film was supported by the shaft roughness. Another work from Jagger (1966) 
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showed that a film is maintained by the hydrodynamic pressure elevation, generated by 
asperities on the lip surface, and explained that best sealing performance is achieved when 
the shaft surface is finished to have some roughness. The roughness creates some micro 
wear on the sealing tip of the elastomer ring, which are referred to as ‘micro-asperities’ that 
help develop lubricating film and minimise further lip wear. Therefore, if the shaft was too 
smooth, the seal wear band will not develop. On the other hand, if the shaft was too rough, 
the seal would be severely damaged before the protecting lubricating film is formed. His work 
concluded that micro-asperities on the seal lip support the film, by acting as micro bearing.  
 
Figure 2.1 Micro-asperities on elastomeric lip seal 
(Flitney, 2010) 
As for the film not leaking out, it was widely accepted that surface tension was responsible for 
this factor, until (Kawahara & Hirabayashi, 1978) reported that a proper functioning seal would 
leak freely if installed reversely (i.e. the oil side facing the atmosphere and vice versa). Their 
work showed that leakage depends on shaft speed, viscosity, surface condition and running 
time.  
Studies found in (Ott, 1983) and (Muller & Ott, 1984) explained another dynamic sealing effect 
that a rotating shaft creates vortex around the region where sealing takes place. This in turn 
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creates an inward pumping action that prevents fluid leakage, whilst expelling contaminants. 
A phenomenon which is referred to as ‘reverse pumping action’ depicted in Figure 2.2. This 
lead to a conclusion by many researchers, that the hydrodynamic effect of the lubricating fluid 
rather than the surface tension was responsible for a leak free fluid film.   
 
Figure 2.2 Hydrodynamic pumping action of a rotary seal 
(Parker, 2006) 
Kammüller (1986), Muller (1987) found that as the shaft rotates, the micro-asperities are 
sheared in the tangential direction. These sheared micro-asperities are irregular due to uneven 
pressure distribution across the sealing zone, with region around the oil side possessing 
maximum sealing pressure. This factor causes maximum shear deformation to occur around 
that region, as illustrated in the Figure 2.3. 
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Figure 2.3 Orientation of asperities during shaft rotation 
 (Flitney, 2010) 
2.2 Rotary Seal Profile Description. 
The development of a specific shaft lip seal for general purpose application is practically 
impossible. The main reason for this is that different applications operate at dissimilar 
conditions such as, different temperatures, pressures, process fluids and even operating 
environments. For example, an application involving high circumferential speeds and high 
dynamic eccentricity and/or considerable offset between the shaft and the housing, requires 
a long and flexible sealing lip as opposed to an application involving pressure resistance which 
would require the shortest possible sealing lip (Tietze 1998; Freudenberg 2002). 
The above concept was illustrated by Dichtungs (2003), by using two radial seals of different 
lip lengths, shown in Figure 2.4 
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Figure 2.4 Dependence of seal lip contact force on its length. 
(Dichtungs, 2003) 
Dichtungs (2003) explained that the longer the sealing lip (dimension b), the larger the 
effective pressure area (A), therefore the greater the sensitivity to operating pressure. The 
graph in Figure 2.4 demonstrates this point by showing how the contact force at the seal lip 
would be affected by the sealed fluid pressure. 
Seal design looks deceptively simple, but the development of radial shaft seal for relatively 
zero leakage is usually focused on achieving leak free operation and long service life. Some 
companies achieve this aim by developing several customised radial shaft seals (Parker, 
2006), each of which is suitable for use in a specific application.  
A brief description of a lip seal geometry is discussed below. 
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Figure 2.5 Rotary seal geometry 
1. Lip length 
2. Flex thickness 
3. R Value 
4. Oil Side Angle 
5. Air Side Angle 
6. Garter Spring 
7. Frame 
8. Seal Outer Diameter 
9. Seal Inner Diameter 
The overall geometry of the seal will increase in size as the shaft size increases. The lip length 
is the axial distance from the spring centre point to the flex point. Increasing the lip length will 
1 
2 
3 
4 5 
6 
7 
8 
9 
Air side Oil side 
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increase flexibility, reduce beam forces and improve seal’s ability to follow shaft vibrations and 
dynamic run out. Decreasing the beam length will increase radial load and increase seal and 
shaft wear. Short, thick lips are suitable for higher pressure applications (Horve, 1996), 
(Flitney, 2007). 
Thick flex sections will increase the seal load on the shaft and reduce followability, often used 
in pressure and reciprocating applications. Thin flex sections reduce the seal load on the shaft 
and increase followability but, if too thin, can wrap around a rotating shaft (Horve, 1996), 
(Flitney, 2007). 
The R value is the axial distance between the spring centreline and the lip contact point. The 
spring centreline must be positioned towards the air side of the seal contact point. This 
condition is known as a positive R value. If the R value is negative, the spring centreline is 
positioned toward the oil side of the seal contact point. The pressure distribution between the 
lip contact region and the shaft is reversed if the R value is negative, and instant leakage will 
occur (Horve 1996; Flitney 2007). 
The oil side angle is the angle between the oil side surface and the shaft surface, whereas the 
air side angle is the angle between the air side surface and the shaft. Kammüller (1986) 
suggests that the air side angle should be smaller, compared to the oil side angle, in order to 
ensure that the desired pressure gradient is generated between the seal lip and shaft. 
The garter spring serves to minimise load and interference loss, which occur when the 
elastomer lip absorbs oil at exposure to higher temperatures, thereby reducing the elastomer’s 
tendency to soften and expand (Horve 1996; Flitney 2007). 
2.3 Numerical Modelling in Lip Seal Design Study 
Lubricating film plays an important role in reducing wear, as it prevents mechanical and 
thermal damage on the elastomer lip. Numerous research work have been conducted to 
improve the tribology properties of elastomeric seals using diverse approach. Some authors 
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investigated seal surface treatments, such as coating (Pei, et al., 2008), texturing (Ayala et al. 
1998; Etison 2004). Some addressed the effects of shaft surface finish on sealing performance 
(Kunstfeld & Haas 2005; Kanakasabai 2009; Jia et al. 2011). Several authors studied seal 
material compound modification (Haworth 2007; Felhos and Kocsis 2008; Karger-Kocis et al. 
2008).  
The relative motion between two mechanical components always generates frictional heat 
between the surfaces. Also, shear forces may be created that resist the tangential motion of 
the bodies at their point of contact (Abaqus, 2012). Numerical modelling is one of the most 
viable methods employed by many researchers to study lip seal contact problems by modelling 
areas on the surfaces that are in contact and to calculate the contact pressure generated 
(Bignardi et al. 1999; Belforte et al. 2009). 
Kim & Shim (1997) carried out a coupled thermal-mechanical analysis of lip seal, using 
nonlinear finite element analysis software, to analyse contact force and thermal behaviour of 
a lip seal, both with and without the effect of a garter spring, as a function of shaft interference 
by increasing shaft diameter. Their FEA results were compared with experimental values 
measured using a contact force measuring device. Contact force was found to increase 
linearly, with increasing interference between seal and shaft. The contact force with the garter 
spring was much higher than without, as shown in Figure 2.6.  
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Figure 2.6 Experiment vs. FEA result on the effect of contact force 
(Kim & Shim, 1997) 
Results from their work also showed that thermal stresses have a very small influence on the 
deformed shape of the lip seal, as the shaft interference increases. This is presented in Figure 
2.7 and 2.8 
 
Figure 2.7 Mechanical vs. thermal-mechanical analysis on the contact force 
(Kim & Shim, 1997) 
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Figure 2.8 FEA showing high stress around the contact region 
(Lee, et al., 2006) 
Lee, et al. (2006) expanded Kim & Shim’s study, in order to investigate the contact pressure 
on the air side and oil side, also using different interference values. Their simulation result 
showed that pressure at the lubricant side (oil side) had a greater slope increment than the air 
side of seal lip. This was believed to occur due to the steeper angle of the lip in the oil side 
than the air side. The work also shows that as the shaft interference increases the contact 
width becomes bigger, although the change in air side was more significant as shown in Figure 
2.9. 
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Figure 2.9 Air side contact pressure for different shaft sizes 
Lee, et al. (2006) 
2.4 Effect of Shaft Surface on Lip Seal 
It has been shown in section 2.1 that in a lip seal under a steady operating condition, a micron 
scale lubricating film (mostly trapped within the shaft surface) separates the lip from the shaft. 
This film prevents damage to the lip from the excessive heat generated and also the 
mechanical stresses at the lip–shaft interface. As shown in Figure 2.10 
 
Figure 2.10 Schematic of Sealing Zone 
(Salant & Shen, 2003) 
These asperities are also responsible for the sealing mechanism. Typically the Ra of the shaft 
surface is one-tenth of that of the lip surface. Qu (1995, 1996) explained that the shaft surface 
finish is very important to lip seal performance, in so much as if the shaft is too rough, 
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roughness would cause the seal to wear out quickly, if too smooth, the seal would be unable 
to retain the lubricant. This concept is reflected in the Rubber Manufacturers Association of 
the USA (RMA) standard on upper and lower limits on shaft surface Ra, and in DIN 3760/3761 
in Germany, and in ISO 6194/1. More recently, a number of studies have revealed that, not 
only is the amplitude of the shaft surface fluctuations (as measured by Ra) important, but that 
the shaft surface profile is also important (Salant & Shen, 2003).  
However, unlike the state of knowledge regarding lip surface roughness, no theoretical basis 
for understanding the influence of shaft surface roughness has been developed to date. 
Nonetheless, Salant (2003) reported that the shaft surface roughness could affect lip seal 
behaviour through a number of possible mechanisms: 
• Irregularities on the shaft surface provide reservoirs to store liquid under static conditions, 
and supply liquid to form the lubricating film at start-up; 
• The shaft surface conditions the lip during the break-in period, generating asperities on the 
lip surface by preferential wear; 
• Asperities on the shaft may affect static adhesive forces on the lip; 
• Shaft surface fluctuations affect the load support and sealing mechanisms through the 
hydrodynamics of the lubricating film. 
Jia, et al. (2011, 2012) quantified the effect of the shaft surface finish on seal performance 
based on their work that had previously shown that the shaft itself can induce a pumping 
action. Their study used a laser structured shaft to validate pumping action of seals along with 
a polished shaft without any structure (non-pumping). Figure 2.11 schematically depicts 
structured shafts with oblique grooves that were used in their study.   
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Figure 2.11 Schematic of structured shafts 
(Jia, et al., 2011) 
In their work, a variety of groove patterns were applied to the shafts, with a variation in depth, 
groove density (number of grooves around circumference) and groove angle (with respect to 
the shaft circumference) in order to get different pumping rates. The procedure they used to 
determine the pumping rate of the shaft surface is shown in Figure 2.12. They obtained the 
pumping rate of the shaft surface by subtracting the pumping rate of the smooth, polished 
shaft from the pumping rate of the test shaft (with structures) Figure 2.13. Their result showed 
that shaft roughness plays an important role in retaining process fluid since the laser structured 
surfaces were able to pump more fluid as compared to the smooth shaft surface. As such, 
when the textured surface wears out, leakage will begin to occur in a seal because it has lost 
its pumping aid. 
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Figure 2.12 Measurement of pumping rate 
Jia, et al. (2011, 2012) 
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Figure 2.13 Pumping rate vs. shaft parameters; (A) Pumping rate vs. groove angle; (B) 
Pumping rate vs. groove density (number of grooves around circumference); (C) Pumping 
rate vs. shaft-speed; (D) Pumping rate vs. groove depth. 
(Jia, et al., 2011) 
Another study by Kunstfeld & Haas (2005) estimated the suitability of shaft surfaces 
manufactured by different processes, to assess their pumping characteristics and test them to 
evaluate their sealing and pumping behaviour. The emphasis of their investigation was based 
on hard turning process. Plunge turning, tangential turning, non-hardened shaft surfaces, 
plunge ground shaft surfaces were all investigated. Figure 2.14 shows the surface 
topographies of the different manufactured shaft surfaces used in their study 
A B 
C D 
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Figure 2.14   Shaft surface topography 
(Kunstfeld & Haas, 2005) 
Their test was run for 1000 hours for the shaft models which were made to rotate in the 
clockwise and anticlockwise direction, with air sided flooded to with oil in order to inwardly 
pump fluid using the same approach found in (Kawahara & Hirabayashi, 1978). The pumping 
mechanism of the seal continuously pumps oil outwards, which is measurable as leakage 
presented in Figure 2.15. Their work provided possibilities for the evaluation of shaft surface 
reliability for effective sealing. 
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Figure 2.15 Pumping rate of shaft for different manufacturing methods 
(Kunstfeld & Haas, 2005) 
2.5 Lip Seal Material 
Lip seal elements are made from elastomers because they possess a unique property that set 
them apart from other machine element materials, such as steel. Elastomers consist of long 
flexible molecules that are in continuous Brownian motion at normal temperature, due to 
agitation. When the molecules are stretched out from applied force and released, they spring 
back to random shapes as fast as their thermal motion allows. This is the origin of the unique 
ability of rubber to undergo large elastic deformations and recover completely. This 
phenomenon of the recoverability characteristic of an elastomer is a factor that makes them 
ideal for use in sealing applications (Flitney 2010; Gent 2012). 
Elastomers exhibit hyperelasticity, complicated nonlinear behaviour, such as hysteresis and 
viscoelasticity. Therefore the conventional elastic-plastic material models cannot accurately 
predict their behaviour in application, where they are subjected to high strain and since 
Poisson’s ratio for elastomers is between 0.499 and 0.5 corresponding to an incompressible 
material (Gent, 2012). 
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 Figure 2.16 depicts a comparison between an elastomer and a traditional linear elastic 
component in terms of material behaviour 
 
Figure 2.16 Nonlinear elastic behaviour vs. linear elastic behaviour 
(Jaker, 2010) 
According to Gent (2012) the stress-strain behaviour of elastomers remains elastic up to large 
strain values (often well over 100%) hence it is classed as a “hyperelastic material”. They do 
however exhibit a Cauchy-elastic material behaviour like other simple elastic material. That is, 
the stress at each point is determined only by the current state of deformation with respect to 
an arbitrary reference configuration and not the path or history of deformation. Also for 
hyperelastic materials, the stress-strain relationship is derived from a strain energy density 
function and not a constant factor. It is worth noting from Figure 2.16 that hyperelastic 
materials exhibit a nonlinear stress-strain behaviour, in other words, the deformation is not 
directly proportional to the applied load, and still maintains its elastic properties at large strains. 
For such material, the Poisson’s ratio 𝜈 of lateral to longitudinal strains is only constant at small 
strains. It becomes a function of the strains themselves when they are no longer small 
therefore at large strains the concept of a single value for the strain ratio is invalid and 
Poisson’s ratio no longer serves a useful function in calculating stress and strain (Gent, 2012). 
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Several works have devised a couple of hyperelastic models to represent an elastomer 
deformation behaviour under load and this will be later explored in chapter 3 and 4. Some of 
the recent works on characterisation of elastomers, using hyperelastic constitutive models, 
are seen in (Sasso et al. 2008; Khajehsaeid et al. 2013; Beda 2014). The development of 
hyperelastic material coefficients from test data, using finite element programs, can be seen 
in the methodology adopted in (Singh 2009; Ghoreishy 2012; Abaqus 2012). 
2.6 Conclusion  
The principles of lip seal operation have been explored in this chapter. Reviews from past 
studies cover both experimental and theoretical work on rotary seals. The literatures 
demonstrated that a mixed elastohydrodynamic lubrication model of a rotary lip seal, with 
micro-asperities on the shaft surface, can generate the important characteristic parameters, 
such as load support, contact load ratio, the reverse pumping rate and the average film 
thickness for lip seal operation. It has also shown that the micro-asperities on the shaft surface 
are beneficial, in so much that they actually help to improve the sealing capability whilst 
reducing the lift-off speed. 
Shaft-Seal contact studies have been explored. Finite-element analysis was employed in 
literatures to investigate the contact characteristics of the lip seal with the shaft at different 
interference fits. However, literature is poor regarding the investigation of the characterisation 
and optimisation of lip seal design using finite element computational modelling, and also in 
the study of coupled thermal mechanical analysis on contact problem, which can help to 
establish the parameters needed for credible life prediction of seals, since sealing of fluid 
actually occurs at the shaft-seal interface. As such, the main difficulty is a lack of an accurate 
analytical model to describe a lip seal model subjected to real life working condition, and it is 
intended to be addressed in this research work. 
Furthermore, an assumption adopted so far by industries in modelling lip seal is through using 
linear elastic modulus, while setting Poisson’s ratio 𝜈 to a value very close to 0.5, to 
accommodate the material incompressibility. However, this assumption is flawed owing to the 
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fact that elastomeric materials even though elastic, are highly nonlinear. For this reason, a 
material parameter has to be developed to minimise errors that could arise from such an 
assumption in computational finite element modelling, and this will be explored in detail, later 
in this thesis. 
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Chapter 3 
Finite Element Modelling 
This chapter describes background theory behind finite element analysis and modelling for 
later use to carry out lip seal design study.  The FE Analysis and Modelling are approach to 
design seal in this work. Large strain hyperelasticity theory that accurately model 
elastomeric material is also presented in this chapter.   
3.1 Introduction 
Finite Element Analysis (FEA) is a numerical method which furnishes solutions to relatively 
simple or complex problems. It consists of a model structure with specific material properties 
and geometry with certain boundary constraints, which is subjected to a predefined load type. 
The model is then analysed for particular problems in order to obtain specific results. FEA is 
generally used for design and conception of non-existent structure and for the existent product 
modification and improvement. A numerical simulation of a given structure provides the 
designer with valuable information which ensures that the adopted structural design is suitable 
for the purpose that is intended to serve (Pascali & Cherif, 2012)  
Finite element Analysis provides the capabilities of modelling complex engineering problems 
more than just within the structural (stress/displacement) domain. It can handle problems in 
diverse areas including heat transfer, electromagnetics, and mass diffusion etc.  
In finite element modelling, the physical body to be modelled is first divided into a whole set of 
finite elements. These elements are connected together at nodes, all put together into a finite 
element mesh, (Figure 3.1) and the process of dividing the whole body into small elements is 
called discretisation. A stiffness matrix is generated for each element, in which the combination 
of all the individual stiffness matrices is referred to as a global stiffness matrix for an accurate 
response prediction.  
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Figure 3.1 Physical model (A) and finite element mesh (B) of a tube 
3.2 ABAQUS® 
There are some commercial FEA programs readily available to simulate for a variety of real 
world problems such as Abaqus®, ANSYS®, COMSOL Multiphysics®, LS-DYNA®, and 
MATLAB®. However, the ABAQUS® analysis software is used in this research work because 
of its capability to solve highly non-linear engineering problems. The software is widely used 
in academic and research institutions, due to the broad material modelling capability, and the 
program’s ability to be customised. It can effectively model rubbers because of its rich material 
library and also efficiently evaluate parameters for hyperelastic materials. 
3.3 FEA Solution Process 
The FEA solution process is a three stage progression comprising of: - pre-processing, solving 
and post-processing. The general procedure for running a simulation, irrespective of the 
software package, is very similar and the overlap in their capabilities is usually high. The chart 
in Figure 3.2 depicts a finite element analysis solution process. 
A B 
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Figure 3.2 FEA simulation process 
(Bathe, 1982) 
3.3.1 Pre-Processing 
Pre-processing involves the development of a computer generated model for analysis, 
producing a finite element mesh of the model, assigning material properties and defining 
boundary and load conditions to the model. 
The material properties required depend on the type of analysis result needed. For example 
a structural analysis will require an elastic modulus 𝐸, Poisson’s ratio 𝜈 and some cases the 
material’s density 𝜌. For a thermal analysis, the thermal properties of the material would be 
needed. Examples of boundary conditions are defining a nodal translation or temperature, and 
assigning contact conditions. Loads include forces, pressures and heat flux. 
3.3.2 Solving 
In the solving phase of FEA, the computer takes over and solves the set of equations that the 
finite element method generates and also conducts numerical analysis by solving the 
boundary value problem. Once the solver is completed, all the unknown initial variables such 
as displacement, force and temperature become known. 
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3.3.3 Post-Processing 
This is the last step in the FEA. According to Nammi (2011) during this phase the outputs 
generated at the nodes are exploited using interpolation functions. The additional quantities 
such as stress, strain, temperature etc. in each element are computed. The routines resident 
in the finite element software allow sorting, plotting and data analysis of results. Depending 
on the software capabilities, the solution data can be manipulated in many ways. Many 
commercial FE codes allow operations such as sort element strains in the order of magnitude, 
plotting the shape of a deformed solid, animate the dynamic behaviour of a solid under load 
and plotting stresses in relation to factor of safety etc. 
3.4 FEA Solution Integration Scheme 
The finite element method can be solved using two different procedures termed “implicit and 
explicit” methods. In the implicit method a solution to the set of finite element equations 
involves iteration until a convergence criterion is satisfied for each increment. The finite 
element equations in the explicit method are reformulated as being dynamic and in this form 
they can be solved directly to determine the solution at the end of the increment without 
iteration (Harewood & McHugh, 2006). 
According to Michael, et al., (1977) the fundamental difference between an implicit and explicit 
integration scheme is that, in the explicit case, the displacement vector for the current time 
step in the analysis can be predicted directly from the known displacements, velocities and 
accelerations of the previous time steps, whereas, for implicit the current displacements are 
related to current accelerations (and possibly current velocities), as well as response from 
previous time steps. As a result, the solution algorithm for the implicit scheme requires 
assembling a global stiffness matrix into a set of coupled algebraic equations and solving the 
system by some techniques, such as Gaussian elimination. The explicit algorithm, on the other 
hand, only requires the mass matrix and solving for current acceleration, thereby eliminating 
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the need to assemble the global stiffness matrix. If a lumped mass procedure is used (as is 
generally done), the accelerations are uncoupled and can be computed rapidly.  
The implicit approach is useful in problems in which time dependency of the solution is not an 
important factor e.g. static structural and modal analysis, whereas explicit approach is helpful 
in solving high deformation time dependent problems such as impact, crash, blast etc.  
Considering the equation that relates mass, damping, stiffness and force as shown below 
𝐹 = 𝑚ẍ + 𝑐ẋ + 𝑘𝑥         3.1 
Where 
𝑚 = Mass matrix 
𝑐 = Damping matrix 
𝑘 = Stiffness matrix 
𝑥 = Displacement vector 
ẋ= Velocity 
ẍ = Acceleration 
𝐹 = Load vector time 
3.4.1 Implicit Scheme 
In this scheme, the displacement is not a function of time. Therefore, the velocities and 
accelerations which are time derivatives of displacement turn out to be zero and the mass and 
damping factors can be neglected. In order to solve an FEM problem using implicit method, 
an inversion of stiffness matrix (𝑘) is required. For a very large deformation, problems such as 
crash analysis, can result in millions of degrees of freedom, effectively increasing the size of 
stiffness matrix. A larger stiffness matrix require longer computational time for its inversion, 
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hence there is a need for an explicit method which would prevent the inversion of the stiffness 
matrix. 
3.4.2 Explicit Scheme 
The explicit scheme is a function of time, therefore the velocity, acceleration as well as mass 
and damping need to be considered. (Abaqus, 2012) The explicit procedure can use the mass 
matrix to solve acceleration, and the obtained acceleration can be further integrated through 
time, using the central differential method (CDM), which calculates the change in velocity, 
assuming that the acceleration is constant. This change in velocity is added to the velocity 
from the middle of the previous increment, to determine the velocities at the middle of the 
current increment. The displacement can be further calculated by integrating the velocity 
through time and the addition of obtained value of displacement, to the displacement at the 
beginning of the increment to obtain the displacement at the end of the increment as follows 
(Abaqus, 2012) 
ẋ|
(𝑡+
Δ𝑡
2
)
= ẋ|
(𝑡−
Δ𝑡
2
)
+
(Δ𝑡|𝑡+Δ𝑡+Δ𝑡|(𝑡))
2
 ẍ|𝑡     3.2 
𝑥|𝑡+Δ𝑡 = 𝑥|(𝑡) + Δ𝑡|𝑡+Δ𝑡 ẋ|𝑡+Δ𝑡
2
      3.3 
3.5 Finite Elements 
The selection of elements to use for a given problem will depend firstly on the problem to be 
analysed (i.e. stress, field etc.), and secondly, the dimension of the model (Fagan, 1992). 
There are a wide range of elements available in commercial FEA software, of which a detailed 
discussion is not required in this thesis. However a picture of some element families available 
in Abaqus® are shown in Figure 3.3. 
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Figure 3.3 Common element types used in FEA 
(Abaqus, 2012) 
3.6 Specialist Material Behaviour 
Rubber is a very unique material. During processing and shaping, it behaves mostly like a 
highly viscous fluid. After its polymer chains have been cross-linked by vulcanisation (or by 
curing), rubber can undergo large reversible elastic deformations. Unless damage occurs, it 
will return to its original shape after removal of load (MSC , n.d.). Such material cannot be 
accurately modelled using conventional elastic-plastic material models. It will require material 
data measured to a large strain, under different state of stresses and test conditions, as close 
as possible to the loading state of the part to be designed.  
Because of the inherently non-linear nature of rubber, it is quite difficult to develop a generic 
element formulation for rubbers in most finite element analysis software. This research work 
looks into carrying out an experimental test on a rubber material, for effective characterisation 
in finite element modelling and this will be seen in the next chapter. 
3.7 Finite Element Formulation for Elastomers 
According to Gent (2012), since the Poisson’s ratio for elastomers is between 0.499 and 0.5, 
the elements used in FEA need to be reformulated to accommodate this high value of 
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Poisson’s ratio. Abaqus® uses hybrid elements when the material behaviour is incompressible 
(𝜈 = 0.5) or very close to incompressible (𝜈 > 0.475). Incompressibility cannot be modelled 
with regular elements (except in the case of plane stress) owing to the fact that the pressure 
stress in the element is indeterminate. This can be better explained by considering an element 
under hydrostatic pressure shown in Figure 3.4. 
 
Figure 3.4 Element under hydrostatic pressure 
(Abaqus, 2012) 
For an incompressible element under hydrostatic pressure, the volume of the element cannot 
change under this loading. Hence, the stress cannot be computed from the nodal 
displacement of such incompressible element. This difficulty can be overcome by adopting an 
approach developed in (Hermann & Toms, 1964) and (Hermann, 1985). Abaqus introduces 
an additional degree of freedom that can determine the pressure stress in the element directly. 
The nodal displacements are then used to calculate the deviatoric (shear) strains and stress.  
3.8 Material Laws for Hyperelastic (Elastomeric) Materials 
The strain energy density 𝑊 for hyperelastic material at large strain is far more complex to 
relate, compared to an infinitessimal strain, where the stress is just a linear function of strain 
owing to stress-strain curve linearity (Treloar, 2005). Due to the complexity of rubber materials, 
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an important approach in nonlinear elasticity theory for analysis of rubber materials, is to derive 
an applicable elastic law, which is the key to the development of reliable analysis tool. 
There are several laws for the strain energy potentials of hyperelastic materials. They define 
the strain energy stored in the material per unit of reference volume, as a function of the strain 
energy at that point in the material based on the functions of the stretch invariants 𝑊 =
 𝑓(𝐼1, 𝐼2, 𝐼3) or stretch ratios 𝑊 =  𝑓(𝜆1, 𝜆2, 𝜆3) as in figure 3.5 
 
Figure 3.5 Pure homogenous strain (A) unstrained state (B) strained state 
Nominal strain (𝜖)  =  
𝑙1−𝑙0
𝑙0
=
𝛿𝑙
𝑙0
       3.4 
Where  
Stretch ratio (𝜆)  =     
𝑙1−𝑙0+𝑙0
𝑙0
= 𝜖 + 1      3.5 
𝐼1 =  𝜆1
2 + 𝜆2
2 + 𝜆3
2          3.6 
𝐼2 = 𝜆1
2𝜆2
2 + 𝜆2
2𝜆3
2 + 𝜆1
2𝜆3
2
        3.7  
𝐼3 = 𝜆1
2𝜆2
2𝜆3
2 
         3.8 
(Jaker, 2010) 
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Figure 3.6 Nonlinear behaviour of rubber 
(Jaker, 2010) 
According to Abaqus (2012), the available phenomenological models of strain energy 
potentials for hyperelastic materials usually take a polynomial form of: 
𝑊 = ∑ 𝐶𝑖𝑗(𝐼1 − 3)
𝑖(𝐼2 − 3)
𝑗 +𝑁𝑖,𝑗=1 ∑
1
𝐷𝑖
(𝐽 − 1)2𝑖𝑁𝑖=1     3.9 
Where,  
𝑙1 = Final length 
𝑙0 = Initial length 
𝜖 = Strain 
𝑊 = Strain energy potential 
𝐽 = Elastic volume ratio  
𝐼1, 𝐼2 = Stretch invariants 
𝑁,𝐶𝑖𝑗 , 𝐷𝑖  = Material constants to be evaluated from tests data. 
N.B. the material constants 𝐶𝑖𝑗,  and 𝐷𝑖   describe the shear behaviour and compressibility of 
the material respectively 
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 𝐽 = 1; For complete incompressibility 
3.8.1  Hyperelastic Constitutive Models 
Some of the various forms of strain energy potentials available in literatures (Kim et al. 2004; 
Treloar 2005; Jaker 2010; Abaqus 2012; Ghoreishy 2012) are: 
 Mooney-Rivlin model 
The earliest significant phenomenological theory of hyperelasticity was proposed by Mooney, 
later in conjunction with Rivlin. The model expresses strain energy as a function of elastic 
constant and first and second stretch invariants.  
𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) +
1
𝐷1
 (𝐽 − 1)2     3.10 
 Neo-Hookean model 
If the material in equation 3.10 has a value C01 which is equal to zero, such material obeys 
Neo-Hookean model law: 
𝑊 = 𝐶10(𝐼1 − 3) +
1
𝐷1
 (𝐽 − 1)2       3.11 
The model exhibits a constant shear force and correlates well with experimental data, up to 
40% strain in uniaxial tension and up to 90% strains in simple shear. 
 Ogden model 
Ogden’s proposed strain energy density function can be described directly in terms of principal 
stretch ratios as: 
𝑊 = ∑
2𝜇𝑖
𝛼𝑖
2 (𝜆1
𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3
𝛼𝑖 − 3)𝑁𝑖=1 + ∑
1
𝐷𝑖
(𝐽 − 1)2𝑖𝑁𝑖=1    3.12 
𝜇𝑖 and 𝛼𝑖 are material constants to be obtained from experimental tests. Ogden’s model gives 
good correlation with test data in simple tension up to 700%. The model takes care of non-
constant shear modulus and allows slightly compressible behaviour. For values of α<2 or α>2, 
the material softens as strain increases.  
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 Yeoh model 
This is a special form of the reduced polynomial models i.e. n = 0 in equation 3.10. It is 
expressed as (Yeoh, 2002): 
𝑊 = 𝐶10(𝐼1 − 3) + 𝐶20(𝐼1 − 3)
2 + 𝐶30(𝐼1 − 3)
3 +
1
𝐷1
(𝐽 − 1)2 +
1
𝐷2
(𝐽 − 1)4 +
1
𝐷3
(𝐽 − 1)6          3.13 
Yeoh model applies the characterisation of elastic properties of carbon black vulcanisates and 
is more flexible than other models.  As the researcher (Yeoh, 1993)  has shown the model to 
fit various modes of deformation, by using test data from uniaxial tensile test only, leading to 
lesser requirement on material testing. However, caution needs to be taken in Yeoh’s model 
in areas of low strain application. 
 Marlow Model 
The Marlow model does not contain any explicit relation between strain energy density or 
invariants or stretch ratios. It is assumed that the strain energy density is only a function of the 
first invariant of the strain tensor. i.e. 
𝑊 = 𝑊(𝐼1)          3.14 
Since for incompressible materials, 𝐼3 =  0 thus 𝐼1 can be written as  
𝐼1 = 𝜆1
2 + 𝜆2
2 +
1
𝜆1
2𝜆2
2        3.15 
 Van der Waals Model 
In this model, 𝑊 is the strain energy per unit reference volume; 𝜇 is the initial shear 
modulus; 𝜆𝑚 is the locking stretch; 𝛼 is the global interaction parameter; 𝛽 is an invariant 
mixture parameter as related in the equation below. 
𝑊 = 𝜇 {−(𝜆𝑚
2 − 3)[ln(1 − 𝜂) + 𝜂] −
2
3
𝑎 (
Ī−3
2
)
3
2
} +
1
𝐷
(
𝐽2−1
2
− 𝑙𝑛𝐽) 3.16 
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Where, 
Ī = (1 − 𝛽)𝐼1 + βI2    𝑎𝑛𝑑   𝜂 = √(
Ī−3
𝜆𝑚
2 −3
)     3.17 
𝛽 represents the invariant mixture parameter, 𝜆 is the stretch ratio, 𝑎 is the global interaction 
parameter between chains. 
 Arruda-Boyce model 
This model has a slightly different form it is not a phenomenological, but a micromechanical 
model, and it can be related thus:- 
𝑊 = μ{
1
2
(Ī1 − 3) +
1
20λ2
(Ī1
2 − 9) +
11
1050𝜆4
(Ī1
3 − 27) +
19
7000𝜆6
(Ī1
4 − 81) +
519
673750𝜆8
(Ī1
5 − 243)} +
1
D
(
J−1
2
− ln 𝐽)      3.18 
Where, 
μ represents the initial shear modulus, λ is the stretch ratio, D represents the incompressibility 
parameter. 
Also 
𝐽 =
𝐽
𝐽𝑡ℎ
=
𝐽
(1+𝜖𝑡ℎ)3
         3.19 
With 𝐽 as the elastic volume ratio 𝐽  = the total volumetric ratio, 𝐽𝑡ℎ thermal volume ratio, ϵth 
is the thermal strain ratio. 
3.9 Discussion 
In low strain applications, where elastomer experiences strain approximately within the range 
of 5-10 %, the simple Hooke’s law can be accurate enough to describe the material behaviour. 
Hence, a quick linear analysis can be considered in lieu of a time consuming nonlinear 
analysis. However, as the strain increases, Jaker (2010) suggested that a good idea is to start 
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a rough estimate with the most simple hyperelastic model; Neo-Hookean. The two necessary 
material constants 𝐶10 =
𝐺0
2
 𝑎𝑛𝑑 𝐷1 =
2
𝐾0
  can be obtained from the value of the initial 
shear and bulk moduli, by setting the value of Poisson’s ratio to incompressible  𝜈 = 0.5 
Where 
Initial shear modulus,  𝐺0 =
𝐸0
2(1+𝜈)
       3.20 
Initial bulk modulus, 𝐾0 =
𝐸0
3(1−2𝜈)
        3.21 
Hence  𝐾0  → ∞  and so 𝐷1=0    
The Mooney-Rivlin model is the most commonly used hyperelastic model employed in 
nonlinear analysis of rubbers and also in elastomeric seal modelling owing to its simplicity 
(Kim & Shim 1997; Lee et al. 2006; Yang et al. 2009; Sinha et al. 2012; Tasora et al. 2013). 
The work in this thesis investigates a suitable hyperelastic model which can be adopted in FE 
modelling of lip seal using the Drucker stability criteria and this is discussed in the next chapter. 
3.10 Conclusion 
For the purpose of understanding the theory behind Finite element analysis and computational 
modelling, an overview of the techniques to be adopted in later studies has been explored in 
this chapter. This forms a base for analysis that will be carried out later in this research work. 
Since FEA is used extensively in the design of structures, an accurate analysis of a component 
would require both suitable material models and accurate material properties data. Highly 
extensible nonlinear materials, such as elastomers, cannot be accurately modelled using 
conventional Hookean law. Such materials require a special material formulation; such as the 
hyperelastic models for elastomeric materials that have been explored in this chapter  
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However, in low strain applications where an elastomer experiences strain approximately 
within the range of 5-10 %, the simple Hooke’s law is accurate enough to describe the material 
behaviour, therefore, a quick linear analysis can be considered in lieu of a time consuming 
nonlinear analysis, since the stress-strain curve exhibits a slight initial linearity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
Chapter 4 
Experimental Analysis and Material Evaluation for Seal Design 
Before starting lip seal design study using FEA, a detailed experimental analysis needs to be 
carried-out. This chapter presents a set of experimental tests on elastomeric lip seal 
material. In particular, the emphasis is to identify the nonlinear behaviour exhibited by 
elastomers and also to obtain the thermal properties that will be used to establish a base for 
structural and thermal modelling, and also characterise relevant hyperelastic model 
evaluation, using Drucker stability check.  
4.1 Introduction 
In order to use FEA to design seals in this study, it is necessary to provide the software with 
an appropriate strain energy function and material constants that describes the material’s 
behaviour. This enables the software to accurately predict seal’s response to load (the term 
load in this context refers to anything that induces a change in the response of a structure 
from its initial state). Hyperelastic material models in Abaqus® have been developed to obtain 
strain energy function with an assumption of incompressibility (Abaqus, 2012).  
The general method used to obtain the material parameters requires experimental tests, 
material data collected from the tests and an evaluation for a suitable hyperelastic model. 
Abaqus® is used to evaluate the material data in this study, by adopting a methodology similar 
to the one found in (Sasso et al. 2008; Ghoreishy 2012; Khajehsaeid et al. 2013; Beda 2014) 
4.2 Experimental Test for Mechanical Properties 
The quality of results obtained from an FEA simulation strongly depend on the experimental 
test data provided; Such an experimental test requires a material specimen to be  subjected 
to a load such as tensile, compression and shear from which stress-strain characteristics of 
the material can be obtained (Singh, 2009). Both tensile and compression tests are carried 
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out in this work for the purpose of characterising the behaviour of the lip seal material, when 
subjected to tensile and compressive loads. In the case of the compression test, two different 
test routines are adopted. In the first, the elastomer is constrained within a cup to explore the 
bulk behaviour of elastomer and in the second, it is allowed to deform freely without any 
constraint to obtain its properties. 
An NBR is used as the elastomeric test sample, because it is the most widely used in seal 
industries, due to its moderate cost, excellent resistance to oils, fuels and greases over a wide 
range of temperature. It also possesses a very good resistance to swelling by aliphatic 
hydrocarbons and is easy to process (Horve, 1996). The test specimens are shown in Figure 
4.1 and 4.2. 
 
 
Figure 4.1 Tensile test specimen (A) Physical model (B) CAD model, all dimensions in mm 
A B 
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Figure 4.2 Compression test specimen (A) Physical model (B) CAD model, (all dimensions in 
mm) (C) Cup (D) Plunger  
The uniaxial test performed in this study was conducted at room temperature on an “INSTRON 
3369”, a type of laser scanning extensometer which enables a non-contact strain 
measurement within the specimen during loading. The test machine crosshead speed was set 
on 10𝑚𝑚/𝑠 to properly capture the stress-strain data of the specimen as it deforms. The 
elongation was automatically recorded on a host computer via the machine, through a data 
acquisition Analogue to Digital Converter (ADC) every 10 𝑚𝑠𝑒𝑐𝑠 as the test commenced for 
both the tensile and compression test.  
 
Figure 4.3 Experimental setup for tensile test 
B C D A 
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Figure 4.4 Experimental setup for compression test (A) constrained (B) unconstrained 
4.2.1 Tensile Test Result 
For the tensile test, three tests were carried out on three NBR samples of the same dimensions 
(Figure 4.1). The samples were subjected to an extension of 155%, and the stress-strain plot 
obtained from one of the samples is shown in Figure. 4.5. Appendix B presents a plot of the 
test result from three samples. From the graph, it can be seen that all the three samples have 
very close slope value. 
The graph in Figure 4.5 can be seen to exhibit a nonlinear curve (typical of an elastomer), 
similar to what is obtained in (Crawford, 2002). The test was terminated when the maximum 
strain value 155% as suggested in (James, 2013).  
The test data obtained from the experiment were supplied to Abaqus® and a material 
evaluation was carried out to determine the stability of the models available in the material 
library, using a curve fitting approach. The evaluated plots are shown in Figure 4.6- 4.11 while 
the parameters for stability evaluation are shown in Figure 4.12- 4.17. The material constant 
for various hyperelastic models are shown in Table 4.1. 
A B 
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Figure 4.5 Stress-strain curve of NBR test specimen at 155% tensile strain. 
 
Figure 4.6 Tensile test curve vs. evaluated Mooney-Rivlin model. Nominal stress in Pa 
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Figure 4.7 Tensile test curve vs. evaluated Polynomial N2 model. Nominal stress in Pa 
 
 
Figure 4.8 Tensile test curve vs. evaluated Ogden N1 model. Nominal stress in Pa 
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Figure 4.9 Tensile test curve vs. evaluated Neo-Hooke model. Nominal stress in Pa  
 
 
Figure 4.10 Tensile test curve vs. evaluated Yeoh model. Nominal stress in Pa 
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Figure 4.11 Tensile test curve vs. evaluated Arruda-Boyce model. Nominal stress in Pa 
 
 
Figure 4.12 Evaluated tensile test data for stability check; Mooney-Rivlin model 
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Figure 4.13 Evaluated tensile test data for stability check; Polynomial-N2 model 
 
Figure 4.14 Evaluated tensile test data for stability check; Ogden model 
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Figure 4.15 Evaluated tensile test data for stability check; Neo-Hooke model 
 
 
Figure 4.16 Evaluated tensile test data for stability check; Yeoh model 
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Figure 4.17 Evaluated tensile test data for stability check; Arruda-Boyce model 
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Table 4.1 Material parameters for stable hyperelastic model of NBR at 155% tensile strain 
 
 
 
Model Stability 
status 
Constants for stable models 
Mooney Rivlin Stable 
D1 C10 C01 
0.0000 282213.482 722702.292 
Ogden, N = 1 Stable 
𝐼 MU_I ALPHA_I D_I 
1 2063524.38 0.243512165 0.0000 
Neo-Hooke Stable 
D1 C10 C01 
0.0000 683799.451 0.0000 
Yeoh Stable 
D1 C10 C01 
D2 C20 C11 C02 
D3 C30 C21 C12 C03 
0.0000 979872.428 0.0000 
0.0000 -157646.765 0.0000 0.0000 
0.0000 19222.4063 0.0000 0.000
0 
0.000 
Arruda Boyce Stable 
MU MU_0 LAMDA_M D 
1367598.85 1367598.90 3972.11346 0.0000 
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4.2.2 Compression Test Result 
For the compression test, the constrained NBR sample was seen to exhibit an incompressible 
characteristic, until the test sample filled up the gland and began to leak out hence the sudden 
change in the straight line shown in Figure 4.18. The initial straight line can be attributed to 
the incompressibility of the model, discussed in section 3.6. For an elastomer under such 
hydrostatic pressure, the volume of the material cannot change under this load (Abaqus, 
2012). 
In the case of the unconstrained sample, two different samples were tested, both having the 
same diameter but different height (10.5mm and 19.5mm). The sample was made longer than 
each other because of the effect of buckling that may arise in the longer specimen. They were 
allowed to deform freely, in order to obtain data about elastomeric subjected to compressive 
load. Rotary seals are usually compressed to approximately 28% real in their working 
condition (James, 2013). However, for a more conservative characterisation, the compression 
test in this study was carried out up to 44%.  
The stress strain data for the unconstrained NBR of height 10.5mm is provided in Figure 4.19. 
The test result of the other sample is presented in Appendix C.  The data obtained from the 
unconstrained sample test (10.5mm) is employed in this study because of its small size, 
therefore eliminating the possibility of buckling. The sample was evaluated in a similar manner 
to the tensile test carried out earlier. However, a negative sign convention was used to specify 
to the software that the data supplied are in compression. The curve fitting data and material 
evaluation for stability are provided in Figure 4.20-4.26 and Figure 4.27-4.33. The material 
constant for various hyperelastic models in compression mode are shown in Table 4.2. 
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Figure 4.18 Stress-strain curve of constrained NBR test specimen in compression. 
 
 
Figure 4.19 Stress-strain curve of unconstrained NBR test specimen (10.5mm) at 44% 
compressive strain. 
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Figure 4.20 Compression test curve vs. evaluated Arruda-Boyce model. Nominal stress in 
Pa 
 
Figure 4.21 Compression test curve vs. evaluated Mooney-Rivlin model. Nominal stress in 
Pa 
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Figure 4.22 Compression test curve vs. evaluated Neo-Hooke model. Nominal stress in Pa 
 
 
Figure 4.23 Compression test curve vs. evaluated Ogden model. Nominal stress in Pa 
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Figure 4.24 Compression test curve vs. evaluated Polynomial-N2 model. Nominal stress in 
Pa 
 
Figure 4.25 Compression test curve vs. evaluated Van-Der-Waals model. Nominal stress in 
Pa 
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Figure 4.26 Compression test curve vs. evaluated Yeoh model. Nominal stress in Pa 
 
 
Figure 4.27 Evaluated compression test data for stability check; Mooney-Rivlin Model 
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Figure 4.28 Evaluated compression test data for stability check; Polynomial-N2 Model 
 
 
Figure 4.29 Evaluated compression test data for stability check; Ogden Model 
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Figure 4.30 Evaluated compression test data for stability check; Neo-Hooke Model 
 
Figure 4.31 Evaluated compression test data for stability check; Polynomial-N3 Model 
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Figure 4.32 Evaluated compression test data for stability check; Arruda-Boyce Model 
 
`  
Figure 4.33 Evaluated compression test data for stability check; Van-Der-Waals Model 
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Table 4.2 Material parameters for stable hyperelastic model of NBR at 44% compression 
  
 
4.3 Material Model Validation 
Tables 4.1 and 4.2 provide the material data for a stable hyperelastic material model that can 
be used to successfully model an NBR elastomeric component, subjected to tensile and 
compressive loading respectively. The choice of material model is usually not critical for most 
applications, as long as the elastomeric component is used within the strain values used to 
evaluate the model (Gent, 2012).  
The extent to which a material model can work within an FE programme can be determined 
by modelling test specimen, used to generate the experimental data (Gent, 2012). Since the 
Neo-Hooke model appears to be stable in both tensile and compressive test domain, the Neo-
Hooke model will be employed in this work. For this reason, a finite element modelling is 
carried out using Neo-Hooke material parameters to compare the analytical result with the test 
result in order to validate the chosen model. 
Model Stability 
status 
Constants for stable models 
Ogden, N = 1 Stable 
𝐼 MU_I ALPHA_I D_I 
1 2146799.92 1.56251983 0.0000 
Neo-Hooke Stable 
D1 C10 C01 
0.0000 1090961.04 0.0000 
Arruda Boyce Stable 
MU MU_0 LAMDA_M D 
2152222.92 2174923.96 7.60452078 0.0000 
66 
 
4.3.1 Analytical Validation of Hyperelastic Model in Tension 
To validate the Neo-Hooke model generated in tension, the tensile test sample was modelled 
in ABAQUS®, under the same uniaxial extension configuration the sample experienced during 
the tensile test, as shown in Figure 4.34. The sample was meshed with an 8-node linear brick, 
hybrid, and constant pressure element in the Abaqus library C3D8H (continuum element). The 
nominal strain results from FEA simulation were compared to those obtained from an 
experimental test and a good correlation exists between both results as shown in Table 4.3 
 
Figure 4.34  FE modelling of tensile test sample (A) undeformed (B) deformed  
 
 
 
 
 
 
 
A 
B 
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Table 4.3 Experimental test (tensile) vs. Abaqus result 
Extension (mm)  Strain from Experiment (%) Abaqus Predicted Strain (%) 
37.50 25.03 23.09 
75.00 50.14 48.02 
112.50 74.86 71.68 
150.00 100.00 95.85 
187.50 124.76 120.11 
225.00 150.07 144.10 
 
4.3.2 Analytical Validation of Hyperelastic Model in Compression 
It is necessary to validate the hyperelastic parameter obtained from Neo-Hooke model 
evaluation under compressive loading in order to have confidence in results that will be 
obtained later from FE simulation. Thus, the test sample was modelled in ABAQUS®, under 
the same uniaxial compression the sample was subjected to during compression test 
(unconstrained).  
It is not compulsory to model the whole component, since both geometry of the structure and 
loading are axisymmetric. Therefore, it is only needed to model a plane through the 
component, where each component will represent a complete 360o ring. By adopting such 
approach, computational cost is significantly reduced in terms of the possibility to use a 
reduced number of element for the analysis, a reduced number of degrees of freedom, a 
reduced run time and storage requirements for the analysis. It also allows the use of a more 
refined mesh. The sample was meshed with a CAX4H: A 4-node bilinear axisymmetric 
quadrilateral, hybrid, constant pressure. The bottom plate, which the test sample was placed 
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on, is included in the model, a frictionless condition was established between the test 
specimen and base plate. Also, a node was created at the sample tip, to monitor its 
displacement as it deforms as presented in Figure 4.35. 
 
Figure 4.35 FE modelling of compression test sample 
 
 
Figure 4.36 (A) Contour plot of the compressed NBR sample under a load of 423.40 KPa; 
(B) X-Y plot of the vertical displacement of the created node 
Node 
Test specimen 
Axis of symmetry 
Base plate 
A 
B 
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Figure 4.37 Wireframe of undeformed model and resultant displacement  
The displacement at the metal base is zero, whereas, the deformable elastomeric component 
appears to displace downwards as depicted in Figure 4.36(B). Table 4.4 presents values for 
further simulation test that was carried out to validate the chosen Neo-Hooke model. The 
resultant displacement of the test specimen is presented in Figure 4.37 
Table 4.4 Experimental test (compression) vs. Abaqus result 
Stress (compression) 
KPa 
 Displacement from experiment 
(mm) 
Abaqus Predicted 
displacement (mm) 
423.40 -0.69 -0.68 
708.12 -1.00 -0.97 
1377.68 -1.66  -1.64 
2160.00 -2.47 -2.38 
2595.18 -2.89 -2.77 
3869.22 -3.85 -3.71 
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4.4 NBR Thermal Property Test 
In order to accurately predict temperature profile and thermal stresses induced in the seals 
to be studied later, it is required that the thermal properties of the elastomer are supplied to 
Abaqus® for analysis. This requires that the NBR specimen is subjected to some form of 
heat, from which thermal data of the material can be collected. Thermal conductivity and 
coefficient of thermal expansion are two thermal properties required for a heat transfer 
analysis in FEA. 
4.4.1 Coefficient of thermal Expansion (𝜶) 
According to (ASM, n.d.) Coefficient of thermal expansion (CTE) is a material property that 
is indicative of the extent to which a material expands upon heating. To measure the CTE of 
a sample, two physical quantities (displacement and temperature) are collected, while the 
sample undergoes a thermal cycle. Several well established methods are available such as 
dilatometer tests, interferometry and strain gauge measurements, to measure the CTE of a 
sample.  
In this work, the strain gauge method is adopted because of its simplicity, its ease in setting 
up thermal expansion measurement and its capacity to use a specimen of any size or shape 
(Vishay, 2010). The strain gauge technique uses two properly matched strain gauges, one 
bonded to the test material, and the other bonded to a reference material. A silicate reference 
material is used in this experimental set up, because of its low expansion coefficient, which 
can provide an output data that closely corresponds to the absolute expansion coefficient of 
the NBR material. Also, the elastic modulus of the silicate reference material is big enough 
to ensure that mechanical reinforcement by strain gauge is negligible. To achieve accuracy 
in combination with an ease of installation, precision strain gauges of resistance 120Ω are 
used in the study, as they are capable of minimising self-heat induced by the excitation 
current.  Figure 4.38 shows a picture of the strain gauge in use. 
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Figure 4.38 120 𝛺 strain gauge for thermal expansion test 
The test and reference specimens have dimensions 220mm×17mm×4.5mm thick and 
160mm×15mm×3mm thick respectively. As mentioned earlier, one major advantage of 
adopting this method is that it allows both test and reference specimens to be of any 
convenient size or shape suitable, without affecting the output data. Specimen surfaces were 
thoroughly cleaned and strain gauges bonded onto them using M-Bond 600 adhesives. Care 
was taken that the two gauges bonded on test and reference specimens are as uniform as 
possible, to minimise small physical differences which could affect the differential thermal 
response. A temperature measuring thermocouple is placed on the test specimen surface to 
measure the specimen gauge temperature. The whole circuit was set up similar to (Vishay, 
2010)  and connected to a strain-temperature instrumentation data logger as depicted in the 
photograph in Figure 4.39. 
 
Figure 4.39 CTE measurement circuit 
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It is always necessary that the reference and test specimens be exposed to at least two 
different temperatures in measuring expansion coefficient. The actual means of achieving 
the desired temperatures in a particular case depend on the temperatures involved, and on 
the available facilities (Vishay, 2010). In this study, the test specimen was placed into a 
furnace to raise the temperature from 297.3K to 320.0K. The reference specimen, on the 
other hand, was kept at room temperature. In order to control the uniformity of specimen 
temperature, a continuous plot of strain gauge extension versus temperature was set to be 
plotted on the PC via the data logger. The whole experimental set up is shown in Figure 4.40, 
the result obtained is shown in Figure 4.41. 
 
Figure 4.40 CTE measurement test rig 
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Figure 4.41 Graph of temperature vs. extension 
4.4.2 Result 
Thermal strain Induced on the strain gauge is directly proportional to the change in 
temperature, thus: 
𝜖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = αΔ𝑇          4.1 
𝛼 =
ϵthermal
ΔT
          4.2 
Using the slope of the graph, 
𝛼 =
3800−2450
27
× 10−6 = 5.0 × 10−5𝐾−1      4.3 
The value of CTE obtained here matches with the one found in (Kim & Shim, 1997) (Belforte, 
et al., 2009) 
4.5 Conclusion 
A set of experimental tests on elastomeric material were presented to determine material 
properties of seal to be modelled in the next chapter.  
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The elastomeric test specimen and garter spring were obtained by cutting a seal product. 
Tensile and compressive tests were carried out to obtain a hyperelastic material property of 
the elastomer. Meanwhile, the spring stiffness of the garter spring was obtained from a simple 
Hooke’s law experimental set up. The material constants of the elastomer were determined 
using the evaluation function, available in ABAQUS® software. The software makes this check 
using the Drucker’s Postulate, which explains that the incremental internal energy of a material 
can only increase i.e. 
𝑑𝜎: 𝑑𝜖 ≥ 0           4.4 
This means that the tangential stiffness matrix must be positive definite. 
A stable material model implies that the limiting strain of the model falls within the range of the 
value obtained in experiment, whereas an unstable model falls out of range (Ghoreishy, 2012). 
Also the value of CTE for NBR material obtained from this experiment using the strain gauge 
approach, is compared to available literature references and the value correlates for typical 
values of NBR. 
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Chapter 5 
Lip Seal Finite Element Modelling and Numerical Study 
This chapter presents FE modelling of a lip seal, using material data obtained from chapter 4. 
It focuses on model simulation and result interpretation using FEA, in which chapter 3 
introduced the methodology behind the FEA. Its application to problem solving is explored, 
and its model assumptions discussed, along with the theoretical equations.  
5.1 Introduction 
Rotary lip seals are a critical part of a many mechanical systems. Their performance affects 
the service of the components which they serve, with an implication on production and 
economic benefits. For example, in the case of bearings, 30% of failures occur because of 
early seal failure (Huang, et al., 2013). Therefore, seal life should be improved to extend 
service life. A significant amount of research has been conducted to help achieve this aim, 
including improvement in structure, selection of optimal material, surface engineering 
technology and finite element analysis. 
However, a generally accepted criterion for seal failure has not yet been established, because 
of complexities in both their material properties and the environment in which they operate. 
FEA has been a powerful tool for evaluating the failure and performance of a seal and has 
been adopted by many researchers for seal studies (Bignardi et al. 1999; Lee et al. 2006; 
Yang et al. 2009). 
Finite element modelling of seal plays an increasingly significant role in lip seal studies for 
manufactures and researchers. In order to successfully carry out an analysis of a lip seal using 
FEA, an accurate finite element model of the lip seal is vital. The fundamental requirement for 
such modelling requires the provision of a well detailed and comprehensive information about 
the seal material properties, geometry, boundary conditions and load conditions.  
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Apart from the material properties obtained from chapter 4, the seal boundary and load 
conditions are the other pieces of information required before modelling commences. They 
are explored in this chapter. 
5.2 Seal Geometry Measurement 
Figure 5.1 shows a full and cut-section of the seal to be analysed in this study. It is a special 
application lip seal used in wind energy and marine propulsion, having an internal diameter of 
0.22m Figure 5.2 presents a 2D axisymmetric profile of the seal. 
 
Figure 5.1 NBR radial lip seal  
The seal is made from Acrylonitrile-butadiene rubber (NBR) material, whose stress-strain 
characteristics had been obtained from experimental test in previous chapter 4. Since the seal 
is symmetric about its central axis and its cross section remains the same at all the plane 
passing through its central axis, a 2D area is sufficient to represent a complete model of the 
seal. Therefore, in order to be consistent with the full size seal, an axisymmetric model is 
adopted in this study (Tickoo & Singh, 2009). 
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Figure 5.2 Lip seal cross-section (dimensions in m) 
5.2.1 Seal Cross Sectional Geometry 
Seal circumference before garter spring loading = 0.69𝑚 
Garter spring circumference before stretching = 0.635𝑚 
Seal circumference after garter spring loading = Garter spring circumference after stretching 
=  0.66𝑚 
Diameter (𝑑) = 𝐶/𝜋         5.1 
Seal diameter before garter spring loading =  0.22𝑚 
Seal diameter after garter spring loading = Garter spring diameter after stretching =  0.21𝑚 
Garter spring diameter before stretching =  0.20𝑚 
Spring constant of the garter spring =  1331𝑁𝑚−1 
From Hooke’s law 
Spring force (𝑓) = spring constant (𝑘) × extension (𝑒)    5.2 
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Where: 
 Extension (𝑒) = change in circumference of spring 
Therefore, spring force (𝑓) =  1331 × (0.66 − 0.635) = 33.3𝑁 
5.3 Seal Load Analysis 
Lip seals are mounted on a shaft with a degree of interference that produces a compressive 
action. This action must be preserved, even in the case of certain amounts of eccentricity or 
misalignment of the shaft with respect to the seal (Tasora, et al., 2013). 
It has been shown in Singh (2009), that when a certain compressive strain is applied, tensile 
stresses are usually developed at some critical regions. The opening nature of tensile stresses 
may cause an initial flaw or crack to propagate around the circumference of the seal, thereby 
causing the seal to develop a problem. Also, in dynamic applications where the seal material 
is subjected to fatigue, even in the absence of a flaw, cracks may initiate, due to repeated 
cycling and grow thereby resulting in failure of the seal (Stevenson, 1983). 
The aim of this section is to carry out an engineering analysis of the seal, in order to study the 
Cauchy stress distribution emanating from the shaft interference and garter spring load. The 
ABAQUS® FEA software is adopted for the study and the software makes the following 
assumptions when modelling a hyperelastic material. 
 The material behaviour is elastic. 
 The material is homogenous, incompressible and isotropic. 
 The simulation includes nonlinear geometric effects. 
The pre-tensioned garter spring on the lubricant side of the lip, which functions to increase the 
radial force required to provide effective sealing, was represented as a rigid axisymmetric 
circular cross section rigid body, with a spring force and constant of 33.3N and 1331Nm-1 
respectively. On the other hand, the non-deforming shaft is represented by an analytical rigid 
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non-deformable body with a shaft interference of 8mm. Due to the fact that the fibre frame is 
rigid compared to the elastomeric component of the seal, it is assumed that only the flexible 
elastomer below the fibre frame will deform significantly (Kim & Shim 1997; Bignardi et al. 
1999; Lee et al. 2006).However, the region where the elastomer is bonded to the fibre frame 
is assigned a zero displacement boundary condition.   
The Neo-Hooke material model correlates closely with experimental data obtained from the 
experimental tests in chapter 4, therefore the analysis is carried out using this hyperelastic 
model. The seal is meshed with four-node reduced-integration axisymmetric quadrilateral 
elements, CAX4RH, with a hybrid formulation. A master-slave relationship is established 
between the shaft and seal, as well as between the garter spring and the seal, to prevent the 
rigid bodies from penetrating into the seal, as they generate a compressive action. The whole 
setup is shown in Figure 5.3 
 
Figure 5.3 Model to be analysed in ABAQUS® 
 
A = Elastomer lip 
B = Shaft 
C= Axis of symmetry 
D= Fluid pressure 
E = Garter Spring 
F = Bonded end 
A 
B 
C 
D 
E 
F 
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5.3.1 Simulation Predicted Results 
Figure 5.4 presents the undeformed shape (wireframe) and von Mises stress distribution result 
of the seal profile, obtained from the simulation when deformed. High stress can be seen 
around the flex area, air side region and the region where the seal contacts the shaft. The flex 
region appears to have the highest stress concentration, with a value of about 1.74MPa. The 
stress concentration can be attributed to the seal lip length bending effect, approaching the 
neutral axis of the flex thickness, arising from the shaft interference load, thus producing such 
stress state in that region of the seal. This result is similar to the results found in  (Kim & Shim, 
1997). 
Where high stresses exist, the material is more likely to crack. An increase in stress 
accelerates the relaxation of the rubber stress, resulting in a decline in stiffness that leads to 
seal failure (Luo et al. 1994; Zhou et al. 2014). The region with high stress would potentially 
fail first, leading to plastic deformation. With gradual loss in elasticity, plastic deformation and 
hardening occur. The damage gradually extends to other sections along the stress growth 
direction.  
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Figure 5.4 Von Mises stress distribution on seal profile in Pa. 
Also interesting to note is the nature of the circumferential stress on the profile; they are tensile 
in nature as can be seen in Figure 5.5 
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Figure 5.5 Principal stresses; (A) maximum principal stress (B) minimum principal stress on 
seal profile in Pa. 
The presence of expanding (tensile) stress could propagate a pre-existing crack or flaw, 
thereby limiting the seal’s service life (Kim, et al., 2007). This high tensile stress can be 
detrimental to the seal in the presence of temperature and aggressive environments, since 
stress increases rate of diffusion in a material, which result in a reduction of the material 
strength over a period of time (Singh, 2009). According to the computed results, it should be 
noted that minimising the stress values and a more even spread of concentration prolong the 
service life of the seal. 
The maximum and minimum principal strains in Figure 5.6 indicate that the tensile nominal 
strain in the model is about 25% and the maximum compressive nominal strain is about 20%. 
Because the nominal strains in the model remained within the range where the Neo-Hooke 
model has a good fit to the test data, it can be said with confidence that the FE modelling 
response predicted by the analysis is reasonable (Abaqus, 2012). 
B 
A 
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Figure 5.6 Principal strain; (A) maximum principal strain (B) minimum principal strain on seal 
profile 
In order to investigate how the stress value on the seal profile can be minimised, therefor 
enabling them to be applicable for more severe load application, the default seal profile is 
altered by tuning the key parameters of the lip seal, while using the same boundary and load 
conditions from the previous analysis. The key features that have been modified are shown in 
the subsequent section. 
5.3.2 Seal Geometry Modification 
Simulation is carried out by tuning the key parameters of the lip seal, and their effects can be 
seen from Figure 5.7-5.22.  A comparison of the values obtained is presented in table 5.2 
 
 
A B 
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1. Flex thickness alteration 
 
 
Figure 5.7 Altered flex thickness profile 
 
Figure 5.8 Von Mises stress distribution on altered flex thickness profile in Pa. 
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Figure 5.9 Principal stress on altered flex thickness profile; (A) maximum principal stress (B) 
minimum principal stress both in Pa. 
 
Figure 5.10 Principal strain on altered flex thickness profile; (A) maximum principal 
strain (B) minimum principal 
A B 
A 
B 
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2. Lip length alteration 
 
Figure 5.11 Altered lip length profile 
 
Figure 5.12 Von Mises stress distribution on altered lip length profile in Pa. 
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Figure 5.13 Principal stress on altered lip length profile; (A) maximum principal stress (B) 
minimum principal stress in Pa. 
 
Figure 5.14 Principal strain on altered lip length profile; (A) maximum principal strain 
(B) minimum principal 
A 
B 
A 
B 
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3. Flex region alteration 
 
Figure 5.15 Altered flex region profile 
 
Figure 5.16 Von Mises stress distribution on altered flex region profile in Pa. 
 
89 
 
 
Figure 5.17 Principal stress on altered flex region profile; (A) maximum principal stress (B) 
minimum principal stress in Pa 
 
Figure 5.18 Principal strain on altered flex region profile; (A) maximum principal strain 
(B) minimum principal 
A B 
A B 
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4. Air side alteration 
 
Figure 5.19 Altered air side region profile 
 
Figure 5.20 Von Mises stress distribution on altered air side region profile in Pa. 
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Figure 5.21 Principal stress on altered air side region profile; (A) maximum principal stress 
(B) minimum principal stress in Pa 
 
Figure 5.22 Principal strain on altered air side region profile; (A) maximum principal 
strain (B) minimum principal 
A B 
A 
B 
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Table 5.1 Result comparisons for various profiles 
 Original seal 
profile 
Parameter altered 
Flex thickness Lip length Flex region Air side 
Von Mises (MPa) 1.742 1.612 4.061 1.602 2.800 
Max Principal (MPa) 1.991 1.768 2.731 1.619 1.588 
Min principal (MPa) -2.25 -2.22 -3.09 -2.03 -2.56 
Max strain (%) 25.000 23.000 58.000 23.000 40.000 
Min strain (%) 20.000 19.000 37.000 18.500 29.000 
 
5.4 Contact Problem Description 
In a shaft-seal system, there exists contact between the lip seal and shaft as depicted in Figure 
5.23.  
 
Figure 5.23 Rotary lip seal running on shaft (A) cut-section (B) axisymmetric section. 
(Baart, 2009) (Shen & Salant, 2007) 
 
a  
 
b 
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In solid mechanics contact theory, a force normal to the contacting surfaces acts on the two 
bodies, when they touch each other. If there is friction between the surfaces, shear forces may 
be created that resist the tangential motion of the bodies (Abaqus, 2012). Contact simulation 
in FEA is to identify the areas on the surfaces that are in contact and to calculate the contact 
pressures generated. Contact by nature in FEA is a nonlinear boundary value problem. During 
contact, both the forces transmitted across the surface and the area of contact, change. The 
contact stress is transmitted in the normal direction. If friction is present, shear stress is also 
transmitted (MSC , n.d.) 
According to Bignardi, et al. (1999) a detailed knowledge of the contact at the seal lip-shaft 
interface is necessary, due to the fact that, sealing efficiency and the extent of the friction force 
depend on the contact pressure. In general, a good sealing is obtained with adequate sealing 
pressures at the seal-operative interface. Nevertheless in the case of dynamic seals, such as 
rotary seals which involves relative motion between the lip seal and the operative component, 
high contact pressures cause high friction wear. In such cases, it is necessary to optimise the 
seal-operative components in order to have contact pressures high enough to guarantee a 
good sealing but such as to cause minimum dissipative forces. 
5.4.1 Contact Analysis - Numerical Modelling and Simulation 
The contact problem is a functional extremum problem with constraint conditions, for which 
the most commonly used methods are the Lagrange multiplier method, the penalty function 
method and the direct constraint method. The penalty element method establishes a pseudo 
element between the possible contact surface nodes, in order to simulate the contact between 
surfaces (Zhou, et al., 2014). It is applicable to the analysis of a complex contact state problem, 
which is also capable of solving penetration problem of the contact surface. This defines the 
problem at hand in this chapter and is used in this study. 
In order to investigate the contact pressure profile on the lip seal using ABAQUS, the first step 
is to define the surfaces of the two bodies (shaft and lip seal), that could potentially come into 
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contact and then establish contact interaction between the surfaces. The final step is to define 
the mechanical property models that govern the behaviour of the surfaces when they are in 
contact. In this problem two contact pairs exist between  
i. The garter spring and the elastomeric lip 
ii. The shaft and the elastomeric lip 
The first is a surface to surface contact, while the second is a node to surface contact. 
The Coulomb friction model in ABAQUS describes the interaction between contacting bodies, 
by setting the tangential motion to zero, until the surface traction reaches a critical shear stress 
value, dependent on the normal contact pressure. In ABAQUS®, contact study can be 
configured to take into consideration frictional forces which resist the relative sliding of the 
shaft and seal surfaces by adopting the equation: 
 𝜏𝑐𝑟𝑖𝑡 = 𝜇𝑃𝑐          5.4 
Where  
𝜇 = Coefficient of friction 
𝑃𝑐  = Contact pressure between the two surfaces.  
Equation 5.4 gives the limiting frictional shear stress for the contacting surfaces. The 
contacting surfaces will not slip (slide relative to each other) until the shear stress across their 
interface equals the limiting frictional shear stress 𝜇𝑃𝑐.  Coulomb friction can be defined with 
𝜇 𝑜𝑟 𝜏𝑐𝑟𝑖𝑡   the solid line in Figure 5.24 below shows the behaviour of coulomb friction model in 
ABAQUS. There is zero relative motion (slip) of the surfaces when they are sticking (the shear 
stress are below 𝜇𝑃𝑐).  
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Figure 5.24 Demonstration of friction formulation in Abaqus® 
 (Abaqus, 2012) 
At the point of contact between the shaft and seal lip, a surface-node interaction was 
established. As illustrated in the Figure 5.25 
 
Figure 5.25 Illustration of shaft-seal contact region 
A frictionless condition was established between the seal lip and shaft, to represent a state 
where there is a full fluid film interaction at the shaft-seal interface. In order to simulate the 
assembly process and represent the working condition of a shaft-seal system in FE modelling, 
the shaft rod in this analysis was displaced along 𝑥 positive, 𝑥 negative and 𝑦 positive. These 
conditions correspond to a situation of dragging load on the shaft rod, normal sealing condition 
with resistant load on the shaft rod and interference fit respectively. Two different seal models 
were used in the study: the default profile and the seal profile altered in the air side region 
from section 5.3. 
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5.4.2 Simulation Predicted Results 
Contact pressure profile on seals was evaluated in this analysis for two different seal profiles 
(default profile and modified air side profile) by employing a  𝜇 value of 0.04 as seen in Lee, 
et al. (2006). The value of the pressure at the seal tip for profile A is approximately 194.5KPa 
whereas for profile B is approximately 258.7KPa as shown in Figure 5.14. The mesh pattern 
used in this study can be found in Appendix D 
 
 
Figure 5.26 Contact pressure prediction on two seals (A) default profile (B) modified air side 
profile 
Contact pressure is critical in seal design, performance and failure analysis. It is difficult to 
measure the contact pressure distribution at the seal tip because of the small size of the 
contact band and the complexity in both the material properties and also the operating 
environment. FEA is a powerful tool to evaluate seal contact pressure distribution. During 
operation, the seal ring is squeezed by compression. The contact pressure is a part of the 
mechanisms that aid in preventing the fluid from leaking out (Frolich et al. 2014; Zhou et al. 
2014). Therefore the contact pressure provides an indication of sealing capacity of the 
elastomeric ring. The contact pressure should be greater than or equal to the working fluid 
pressure so that the seal ring can provide an effective sealing. However the value should not 
be too high otherwise excessive wear will occur at the elastomer seal tip as shown in Figure 
5.27. The results have been proven indirectly and are therefore considered to be credible. 
A B 
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Figure 5.27 A failure case of an elastomeric lip due to excess wear of the lip 
5.5 Effect of High Temperatures on Seals 
During operation, friction between the rotating shaft and elastomeric lip generates heat, 
thereby causing major damage on the latter. Heat generation and wear caused by heat are 
closely linked and are major factors in determining the life of a seal (Philips & Jacob 1997; 
Brunetiere & Modolo 2009). As particles of seal materials are removed during wear, energy is 
released in the form of heat and the subsequent elevated temperatures can alter the structural 
properties of the elastomeric material. This occurs as a result of thermal fatigue changing the 
wear rate and mechanism therefore precipitating seal failure. 
Usually a rotary lip seal maintains parts of its heat dissipating effect from the fluid film 
separation between the seal lip and the continual fluid transportation by convection. 
Nonetheless, heat generated from friction at the seal-shaft interface generates heat flux that 
raises the elastomeric seal temperature. If the temperature becomes higher than the allowable 
working temperature of the seal material, the seal will become damaged (Lee, et al., 2006).  
5.5.1 Lip Seal Thermal Studies 
In this section, thermal analysis is carried out to evaluate the temperature distribution on the 
seal profile and also the effect of temperature on the stress caused by the friction associated 
with the contact normal force and the coefficient of friction that converts friction work into heat. 
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The analysis comprises of an uncoupled heat transfer analysis and a fully coupled thermal 
stress analysis using ABAQUS®. In the first analysis type, the temperature field is calculated 
without knowledge of the stress/deformation state in the seal being studied. The second 
analysis solves simultaneously the stress/displacement and the temperature fields, and is 
used in this work to explore how thermal and mechanical solutions of the seal affect each 
other. 
The thermal expansion coefficient obtained for NBR in chapter 4 is assigned as a thermal 
material property to the seal model and value of thermal conductivity obtained from (James, 
2013). The assumed working fluid (oil) temperature, ambient air temperature, heat transfer 
coefficient of oil and heat transfer coefficient of air used in the analysis, are obtained from (Kim 
& Shim, 1997) 
The oil side of the seal was modelled to have a convective heat transfer interaction with the 
working fluid, while the air side was assigned similar heat transfer interaction with the ambient 
air. Heat flux values at various values of coefficient of friction (𝜇), with respect to shaft speed 
and Garter spring force, were used to evaluate heat load to the model. It is calculated thus: 
𝑄 =  𝐹𝑁 ×  𝑉 × 𝜇          5.5 
𝑄 =  𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 ℎ𝑒𝑎𝑡 (𝑊𝑎𝑡𝑡) 
𝐹𝑁  =  𝑠𝑝𝑟𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 (𝑁) 
𝑉 = 𝑠ℎ𝑎𝑓𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚/𝑠) 
𝜇 =  𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑐𝑖𝑡𝑖𝑜𝑛 
Generally, metals have a higher coefficient of heat conduction, about 50 W/m-K and 230 W/m-
K for Steel and Aluminium respectively, compared to elastomer about 0.43 W/m-K (Kim & 
Shim 1997; Solidworks 2012). Therefore, more heat would be dissipated through the shaft 
than the seal. However, for a more conservative design, half of the generated heat power was 
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assumed to be dissipated via the seal as put forward in (Lee, et al., 2006). A shaft speed of 
15m/s was chosen for this seal type (James, 2013), and the spring force is 33.3N from 
equation 5.2. Figure 5.28 shows the simulation procedure for the thermal analysis. Table 5.2 
shows the boundary and load conditions used in the study. 
 
Figure 5.28 Simulation procedures for lip seal thermal analysis 
 
 
 
 
 Seal initial temperature 
Oil side heated 
Ambient air interacts with air side 
Seal’s temperature rises as frictional 
heat is generated 
Convection heat transfer 
emanating from working fluid 
Convection heat transfer 
emanating from ambient air 
Heat from friction 
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Table 5.2 Simulation parameters for thermal analysis (Kim & Shim, 1997) 
Material Parameters Values 
Heat conductivity of NBR (
𝑊
𝑚𝑘
) 0.377 
Coefficient of thermal expansion (𝐾−1) 5.0×10-5 
Oil temperature (o𝐶) 40 
Air temperature (o𝐶) 20 
Heat transfer coefficient of oil (
𝑊
𝑚2𝑘
) 200 
Heat transfer coefficient of air (
𝑊
𝑚2𝑘
) 10 
 
5.5.2 Simulation Predicted Results 
In the current study, four values of heat fluxes as a function of coefficient of friction (0.04, 0.1, 
0.2, and 0.5) obtained from (Bignardi, et al., 1999) and (Lee, et al., 2006) were used in the 
analysis, to investigate the temperature size and distribution on rotary seal profiles. Figure 
5.29 shows the temperature distribution two lip seal profiles with the same value of 𝜇 = 0.2. 
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Figure 5.29 Temperature distributions (Celsius scale) of two seal profiles at the same value 
of μ = 0.2 (A) original profile (B) modified air side profile 
As expected, temperature spread on the profile decreased as the distance from the contact 
zone increased. But as the value of heat flux rises, due to increase in coefficient of friction, the 
temperature distribution in the seal profile also increases (Figure 5.30). If the temperature at 
this contact zone was higher than the allowable working temperature of the elastomer material, 
such phenomenon can shorten the seal life. Therefore a change in design or material might 
be suggested. It is however, interesting to note that the modified seal profile appears to have 
higher temperature values, even though the value of 𝜇 is the same. This is due to the modified 
profile having smaller thickness around the elastomeric lip, thereby heat spreads rapider due 
to its smallness in cross sectional area. 
A B 
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Figure 5.30 Temperature profiles at the contact zone for the two seals at various values of 𝛍. 
The temperature distribution analysed shows the rise of the temperature of the rubber seal as 
value of 𝜇 increases. This temperature rise is further investigated, to explore its effect on the 
stress using coupled thermal mechanical analysis discussed earlier. Figure 5.31 (A), (B) and 
(C) provides the contour plot of the von Mises stress distribution  
 
 
Figure 5.31 von Mises stress distribution from a coupled thermal-mechanical analysis      
 (A) μ = 0.04; (B) μ = 0.1;  (C) μ = 0.2;   
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From the contour plot in Figure 5.31, there is a very small change in the stress value as 
temperature increases. As the 𝜇 increases from 0.04 to 0.1, the change in stress is about 
1.61%, also as 𝜇 changes from 0.04 to 0.2 the change is about 1.78% as seen in Figure 5.31.  
All these results show that, under allowable temperature of the rubber, the effect of thermal 
deformation on stress can be neglected.  
5.6 Conclusion 
For the purpose of understanding lip seal problem and some possible cause of how defects 
in seal arise, an FEA study was carried out on an elastomeric radial lip seal through modelling 
a full working condition of a lip seal, subjected to mechanical and thermal loads. These have 
helped to understand what happens to the elastomeric component, whilst in the process of 
providing sealing to a shaft component, such as the stress/strain profile that is built up, the 
contact pressure profile and also temperature distribution on the lip.  
Test data obtained from experiment in chapter 4 were used as material property in ABAQUS. 
The Neo-Hooke model was used in this study because of its stability in both tension and 
compression.  
A lip seal axisymmetric cross section was first studied to understand the stress and strain 
distribution. The FEA results show that maximum stresses occur at the flex region, air side 
and the seal tip. High tensile stresses were also seen around the circumference of the 
elastomer ring which exposes the seal to a risk of crack propagation, especially when 
operating in an aggressive environment. However, as the seal geometry was modified, it was 
observed that the stress concentration/distributions also changed. The modified seal profiles 
possess their own advantage, which depends on the application where the seal is to be used. 
A variation in the coefficient of friction between the shaft and seal was used as a parameter 
for representing the heat load, due to friction from similar work found in (Bignardi et al. 1999; 
Lee et al. 2006). It was seen that as 𝜇 increased, so does the temperature. The modified profile 
(on air side) was found to have a higher temperature at the same value of 𝜇 with the default 
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seal profile. It is believed that the seal performance optimisation can be attained by modifying 
seal geometry, as seen in this study. 
However, the seal designer should take into consideration that tuning the seal geometries 
such as flex thickness, lip length, R value, air side angle and oil side angle will also affect the 
overall performance of the seal. Therefore an alteration in values of this geometry should be 
based solely on the application which the seal is needed. 
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Chapter 6 
Experiment and Data Correlation Analysis 
In this chapter, an experimental test is conducted on lip seal to acquire information 
concerning seal life. The test is based on simulation of a stern tube for marine propulsion. In 
particular, the emphasis of this chapter is to explore the correlation that exist between 
measurable variables from  experiment and parameters obtained from finite element 
analysis of chapter 5, to facilitate the condition monitoring of a seal system. 
6.1 Introduction 
Chapter 5 focused on the numerical modelling of lip seals using FEA. Several variable 
changes that occurred when lip seal is in operation have been identified in the chapter. The 
simulation result showed that temperature on the seal profile increased with an increase in 
coefficient of friction 𝜇. It was observed that the region of the seal lip in contact with the shaft 
had the highest value of temperature. This factor is necessary to be considered in seal design, 
in order to achieve optimum performance. However it is difficult to take direct measurement of   
a parameter like temperature from the shaft-seal contact point because of the small size of 
the contact band and the complexity in both the material properties and the environment.  
The aim of this chapter is to look into other operating parameters of lip seals experimentally, 
and to evaluate a correlation measure between them and the parameters from FEA, so that 
auxiliary parameters can be monitored in lieu of the inaccessible areas. 
The experimental work was performed in a simulated stern tube for ship marine propulsion at 
James Walker Seals manufacturing company in Cumbria, UK. The facility provides the 
capability to fully test and measure the performance of the seal under investigation, across 
the entire duty conditions such as shaft speed, fluid pressure, fluid temperature and shaft 
motor current etc.  
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Test seals were mounted in the test rig and run for 1300 hours to observe change in 
parameters, as the seal operates for long hours. However, during this period there is a periodic 
shutdown of the system (over the weekend and during maintenance of the test rig). The 
change in variables observed are: - torque, oil pressure, water pressure, oil temperature, water 
temperature, shaft motor current and leakage rate. A torque sensor was mounted on the shaft 
to measure the torque generated, an ammeter to measure the current, the pressure sensors 
installed on the rig provided measurement of the oil pressure and water pressure, the 
thermocouples were used to record the working fluid temperature as the test runs, whilst 
beakers were used to collect and record leaked fluid from the rig. Figure 6.1 shows the test 
set up. 
 
Figure 6.1 Test set up 
 
 
Test media 1
 
Test media 2
 
Typical seal arrangement 
Four individual heads capable of running four 
separate tests simultaneously. 
 
Capable of fluid-fluid and air-fluid interfaces. 
 
Pumped oil, fresh and sea-water capabilities. 
 
Typically used to simulate marine stern tube and 
thruster applications. 
 
Can test at speeds up to 15m/s and fluid 
pressure up to 4 bar. 
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6.2 Rotary Screening Test Rigs Description 
The rotary screening test rigs were primarily designed to test high quantities of rotary lip seals 
simultaneously. The rig has four test heads and each head can house three seals. By using 
three seals per head the rig can run two separate test media. Figure 6.2 gives a detail of the 
test rigs. Oil & water are used as the experimental test medium, similar to those seen in a 
typical stern tube. Each test medium is independently controlled at a specific pressure and 
temperature, as it flows through the test head. The use of this multiple independently 
controlled media helps to accurately recreate a customer’s operating conditions. The test 
shafts on the rig are interchangeable, to allow for variation in shaft material and surface finish. 
Once the operational evaluation stage was completed and the sensor network had been 
designed, the monitoring system can begin to deliver data. All of the variable parameters of 
the rig are monitored and recorded by the seconds, through a bespoke data capture program. 
The program monitors the test conditions to ensure they are constantly within the acceptable 
limits for the test. In order to obtain a very accurate test data, similar tests were conducted in 
four different test stations. 
The test rigs ran under the following conditions: 
I. Shaft speed of 7m/s (1114 rev/min) made from Tungsten carbide 
II. Water pressure of 1.3 bar 
III. Oil pressure of 0.3bar 
At the end of the test, an inspection is carried out on the seal to check for noticeable changes 
such as  
i. Abrasion 
ii. Blistering 
iii. Carbonisation 
iv. Cracking 
v. Overall Hardening 
vi. Lip Hardening 
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vii. Material Disruptions 
viii. Scratches 
ix. Smearing 
x. Swell 
xi. Mass 
 
 
 
 
Figure 6.2 Overview of test rig 
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Table 6.1 Part description of figure 6.2 
1 Water pressure valve 
2 Oil pressure valve 
3 Leak collector 
4 Fluid outlet 
5 Pressure sensor 
6 Thermocouple 
7 Display from bespoke 
8 Torque sensor 
9 Fluid inlet 
 
6.3 Data Analysis 
Good data analysis is essential for the reliable diagnosis of seal condition. Raw data acquired 
from sensors needs to be processed, before being used for further data analysis. Measurable 
variables such as shaft torque, shaft speed, motor current, process fluid temperature and fluid 
pressure were collected in this test from sensors. 
The choice and implementation of algorithms to process the data and carry out the 
identification is another crucial element, as the data processing elements of the monitoring 
system comprise all the actions on the data from the point of acquisition by the sensors over 
a long period of time, thereby generating a bulky data to be analysed.  It is important to create 
a methodology to analyse the data collected from experimental test. 
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The following sections describe the software and the approach used to analyse the data 
obtained from the test rig. 
6.3.1 MATLAB 
MATLAB (matrix laboratory) software is used in this research work for data analysis, owing to 
its capability for numerical computing. Matlab is a high level language and interactive 
environment that allows computationally intensive tasks to be programmed and performed 
faster than other traditional languages such as C, C++, and FORTRAN. Matlab has thousands 
of pre-determined functions that facilitate many simple operations. By combining these pre-
determined functions, it is possible to use the software to develop algorithms capable of 
solving complex engineering problems very quickly as will be seen in this thesis. The product 
is widely used in various academic and educational institutions, due to its broad 
data/information processing capability and the program’s ability to be customised (MathWorks, 
2014) 
6.3.2 Obtaining Test Variables  
During the hours of run, the data were collected every second and saved as raw data file. The 
bulky raw data were later imported into Matlab for computational purpose. The following step 
explains how each variable parameter was obtained from the test data. 
 The first step in obtaining test data related to a particular variable, is to develop a 
Matlab script that would fetch the variable say torque, from the rest. 
  Once the specific data is collected, it is plotted against time a written Matlab script that 
execute the task. 
The above steps were repeated to obtain the remaining variables, such as shaft speed, fluid 
temperature etc. Figure 6.3 to 6.10 presents graphical plot for each measured variables from 
one of the test stations (station 1). Results from other test stations can be found in Appendices 
F, G and H. It should be noted that a plot for data generated every 20mins is presented, in 
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order for ease of interpretation of results obtained. A sudden drop to zero in the plots emanates 
from a shutdown of the test rig over the weekend and during maintenance, as stated earlier. 
 
Figure 6.3 Plot of shaft torque data 
 
A 
B 
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Figure 6.4 Plot of oil pressure data 
 
 
 
A 
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Figure 6.5 Plot of water pressure data 
 
 
 
 
 
B 
A 
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Figure 6.6 Plot of water temperature data 
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Figure 6.7 Plot of oil temperature data 
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Figure 6.8 Plot of shaft speed data 
 
 
 
 
B 
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Figure 6.9 Plot of shaft motor current data 
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6.4 Correlating Seal Operating Parameters 
From the literatures in chapter 2 and the simulation results in chapter 5, the major parameters 
required for the credible life prediction of seals are found to majorly occur at the shaft-seal 
interface. However, it is difficult to take direct measurement of such parameters because of 
the small size of the contact band and the complexity, in both the seal material properties and 
the operating environment. As such, it would be necessary to obtain related measurable data 
from other auxiliary components/parameters. 
6.4.1 Correlation 
Pal (2008) and Seraj, et al. (2013) used a correlation method to measure the dependence of 
one value of signal on another signal. In other words, correlation is a measure of how similar 
two signals are. Mathematically represented thus 
𝐶𝑜𝑟𝑟𝑥,𝑦 = ∑ 𝑥[𝑛] 𝑦[𝑛]
𝑁−1
𝑛=0         6.1 
Where  
𝑁 represents length of the signal 
𝑥 𝑎𝑛𝑑 𝑦 denotes signals to be correlated 
Al Kazzaz & Singh (2003) used correlation function of a baseline and real time signals to 
investigate their relationship by using two segments vibration, current and voltage signals, to 
obtain similarity between them. Shown in figure 6. 10 and figure 6.11. 
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Figure 6.10 Two segments of vibration signal (A and B) and their correlation I 
(Al Kazzaz & Singh, 2003) 
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Figure 6.11 (A and B) Terminal voltages of healthy and faulty machine; I correlation among 
them. (D and E) Line currents of healthy and faulty machine; (F) correlation among them. 
(Al Kazzaz & Singh, 2003) 
6.4.2 Cross-Correlation 
The idea of obtaining a measure of similarity between two different signals is basically referred 
to as ‘cross correlation’. According to Dorran (2014) the cross correlation of two different 
signals is mathematically expressed below  
𝑧 (𝜏) = lim
1
𝑇
∫ 𝑥(𝑡) 𝑦(𝑡 + 𝜏)
𝑇
0
    𝑤ℎ𝑒𝑛  𝑇 → ∞     6.2 
𝑧(𝜏) specifies how much signal 𝑥(𝑡) correlates to 𝑦 (𝑡 + 𝜏). In other word, it specifies how much 
𝑥(𝑡) is similar to 𝑦(𝑡) while 𝑦(𝑡) is shifted in time by 𝜏.  If these two signals are more similar 
when 𝑦 is shifted in time by 𝜏𝑚𝑎𝑥, then, 𝑧(𝜏) will have a maximum when 𝜏 =  𝜏𝑚𝑎𝑥. In this 
application, 𝑥(𝑡) can be considered the signal from the first sensor (e.g., torque) and 𝑦(𝑡) as 
the signal from the second sensor (e.g., thermocouple) 
A 
B 
C 
D 
E 
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Cross-correlation can be calculated using two methods, generalised cross-correlation (GCC) 
in the frequency domain and cross correlation in the time domain. The latter will be adopted 
in this work, because of its effectiveness for continuous random signals; signals obtained from 
transducers (such as those from this experimental test) are in the form of continuous signals 
(Al Kazzaz & Singh, 2003) and (Pal, 2008, p. 47).  
To determine the correlation of the experimental data obtained, a computer algorithm is 
developed in Matlab (see appendix E) to automatically determine the similarity of the 
parameters obtained from experiment. The data correlated are thus: 
i. Torque vs. Speed 
ii. Torque vs. Oil Temperature 
iii. Torque vs. Water Temperature 
iv. Torque vs. Oil Pressure 
v. Torque vs. Water Pressure 
vi. Speed vs. Oil pressure 
vii. Speed vs. Water pressure 
viii. Speed vs. Oil temperature 
ix. Speed vs. Water temperature 
x. Speed vs. Motor Current 
xi. Torque vs. Motor Current 
The Matlab code to obtain the solution is presented in Appendix.  
The result of correlation measurements are given below: 
i. Torque vs. Speed = 6.5823e+08 
ii. Torque vs. Oil Temperature = 4.0963e+09 
iii. Torque vs. Water Temperature = 3.2019e+09 
iv. Torque vs. Oil Pressure = 2.812e+07 
v. Torque vs. Water Pressure = 1.2138e+08 
vi. Speed vs. Oil pressure = 7.4490e+06 
vii. Speed vs. Water pressure = 3.2101e+07 
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viii. Speed vs. Oil temperature = 1.0760e+09 
ix. Speed vs. Water temperature = 8.2167e+08 
x. Speed vs. Motor Current =  5.1255e+08 
xi. Torque vs. Motor Current =  2.0356e+09 
The extent of correlation measurement is interpreted as:  
According to Dorran (2014) a large value of correlation measurement indicates a very strong 
similarity between the two signals. As such, torque and temperature appear to rank highest in 
correlation, whereas speed and oil pressure ranked lowest. This is also reported in (James, 
2014).  
Figures 6.12 – 6.14 present the plot of correlation measure against lag position of experimental 
data obtained. 
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Figure 6.12 Lag position vs. correlation measure of experimental data 
Torque vs. Shaft Speed (B) Torque vs. Oil Temperature (C) Torque vs. Water Temperature 
(D) Torque vs. Oil Pressure 
 
A B 
C D 
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Figure 6.13 Lag position vs. correlation measure of experimental data 
I Torque vs. Water Pressure (F) Speed vs. Oil Pressure (G) Speed vs. Water Pressure (H) 
Speed vs. Oil Temperature 
 
E F 
H 
G 
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Figure 6.14 Lag position vs. correlation measure of experimental data 
 (I) Speed vs. Water Temperature (J) Speed vs. Motor Current (K) Torque vs. Motor Current 
6.5 Conclusion 
This chapter described an experimental set-up that simulates a test seal, in order to obtain 
condition changes that can be monitored. It is an experimental in-depth study relating to 
chapter 5 in which similar problem had been explored using FEA.  
The evaluation of raw data obtained from physical test rig was also presented in this chapter, 
and a measure of correlation that exists between these data have been studied. A measure 
of correlation presents options to measure a particular variable from several other available 
I J 
K 
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choices, hence the problem of not being able to measure a particular variable is due to 
inaccessibility is minimal  
The correlation process is based on the characteristics of seal operating parameters at steady 
state. The information obtained from cross-correlation function will play an important role in 
selecting variables e.g. temperature to monitor the condition change of a seal. 
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Chapter 7 
Condition Monitoring and Fault Diagnosis of Seals 
This chapter presents a literature review to help establish one of the contributions of this 
research. It focuses on developing how the life of a seal can be monitored and predicted by 
exploring related existing work. The chapter investigates the current techniques and 
approaches used in monitoring mechanical face seals and other similar engineering assets, 
in order to form a base for developing a seal monitoring system. 
7.1 Introduction 
Seals are crucial parts of mechanical systems in many industrial plants. Early detection of a 
potential damaged seal can increase liability, as well as reduce service and maintenance cost, 
therefore providing a significant reduction in life time costs. Effective seal maintenance and 
damage observation can allow industrial plants to keep operating well, detect problems on 
time to schedule replacement and avoid total breakdown of plant. 
Since seal failure is unavoidable, an early detection of abnormalities in a seal can help avoid 
expensive failures. At present, the major technique used to prevent such failure is scheduled 
periodic maintenance (Reddyhoff, et al., 2006). This is because there is no technology 
currently in place to monitor rotary lip seal. However, several works have been carried out to 
assess the possibility of monitoring a mechanical face seal, as seen in (Williams et al. 2001; 
Green 2003; Reddyhoff et al. 2006). 
7.2 Mechanical Face Seal Monitoring Technique 
Mechanical face seals are used to seal pressurised fluids in rotating machines such as pumps, 
compressors and agitators, where temperature and velocity conditions prevent the use of 
elastomeric seals (Brunetiere & Modolo, 2009). They are basically composed of a rotating part 
fixed to a housing, as depicted in Figure 7.1. The two parts are maintained in contact by the 
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action of springs and of the pressurised fluid. A good operating condition is achieved when 
the seal faces are partially separated by a thin lubricating fluid film (a fraction of micrometre), 
to avoid wear on the faces whilst limiting leakage rate. 
 
Figure 7.1 Mechanical seal components 
(Xiao & Khonsari, 2011) 
The monitoring of the condition of a face seal for incipient fault has attracted many researchers 
in the past few years due to its considerable influence on the safe operation of many industrial 
processes. It is important to be able to detect faults while they are still developing.  
However, the condition monitoring proposed to date is based on an observation that excessive 
face contact is the proximate cause of most seal failures (Williams et al. 2001; Green 2003; 
Reddyhoff et al. 2006; Braccesi & Valigi 2014). There is considerable work on acoustic 
emission, shear wave propagation, electrical resistance and capacitance and longitudinal 
ultrasonic waves. Although many monitoring techniques have been proposed, the majority are 
still laboratory bound and not ready to be converted into a mass product in the market.  
A monitoring technique that is able to detect face contact, and give a measure of the severity 
of contact would allow preventive action to be taken to avoid an impending failure is yet to be 
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attained. Nonetheless, some of the major monitoring techniques of a face seal proposed up 
to now are discussed in following sections. 
7.2.1 Acoustic Emission Monitoring Technique 
The acoustic emission technique is based on the observation that sliding contact surfaces in 
relative motion generate acoustic emissions. When two bodies are in contact, it has been 
found that asperity contact generated between them is the main AE source (Fan, et al., 2010).  
Researchers have attempted to use acoustic emissions to detect emerging seal failure, such 
as the one shown in Figure 7.2. While some of these attempts have given promising results 
under controlled laboratory conditions, the widespread use of acoustic emission in field 
applications is problematic. The primary difficulty is based on interpreting the acoustic 
emission due to seal face contact from background noise and acoustic emission from other 
sources  (Williams, et al., 2001). 
 
Figure 7.2 Acoustic emission technique for seal monitoring 
(Fan, et al., 2010) 
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7.2.2 Ultrasonic Shear Sensor Monitoring Technique 
In this technique, a piezoelectric shear sensor is attached to the back of the non-rotating seal 
face, Figure 7.3. The sensor generates ultrasonic shear wave packets of known composition, 
which propagate toward the sealing interface. The waves are primarily reflected if a full fluid 
film is present. On the other hand, if there is contact between the faces, a transmission path 
is created and the waves are partially transmitted. This results in a decrease in the reflected 
wave amplitude. Thus, the condition at the seal faces is diagnosed by monitoring the reflected 
wave amplitude, which indicates whether or not contact occurs and the severity of the contact. 
Figure 7.4 and 7.5 presents the concepts of ultrasonic monitoring technique. The pitfall of this 
technique is that it only detects when contact has already occurred, and cannot be used to 
measure film thickness during normal separation.  
 
Figure 7.3 Concept of ultrasonic monitoring technique 
(Williams, et al., 2001) 
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Figure 7.4 Varying film thickness vs. amplitude 
(Williams, et al., 2001) 
 
Figure 7.5   Varying load vs. amplitude 
(Williams, et al., 2001) 
7.3 Integrated Condition Monitoring and Fault Diagnosis 
It is necessary to detect a seal that is prone to fail, as quickly as possible, in order to take 
appropriate remedial action. It is of interest in this research work to study diagnostic 
techniques for similar engineering assets, found in other related studies. Spiewak (1991) 
presented a systematic approach to the monitoring and diagnosis of machine tools and 
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manufacturing processes. Monostori (1993) applied artificial neural network (ANN) in 
monitoring machining processes, using the multi-sensor integration approach. Kiyak & 
Caliskan (2012) used fuzzy logic in the fault diagnosis of an aircraft sensor. These 
methodologies appear promising. However, none of these technologies have been put into a 
seal monitoring system and this will be explored carefully in this research. 
According to Chen et al. (2000), the aim of monitoring is to detect faults, while diagnosis 
includes fault location and identification. Monitoring is usually applied to machining equipment 
and machining processes, where faults can be predicted. Diagnosis provides the information, 
describing the state of the affected element, in order that this can be maintained and replaced 
quickly. They further explained that, the diagnosis of equipment and process faults or condition 
abnormality, can be carried out by measuring the continuous-state variables. These variables 
can be used not only to predict early faults, but also to form the basis for more accurate 
operation fault diagnoses. Therefore, the design requirements of a monitoring and fault 
diagnosis system are to select certain sensor signals that can evaluate the operations of a 
process, to carry out data acquisition, signal analysis, transformation, processing, etc., and 
then to integrate the monitoring results and other faults to determine if the conditions and 
operations of such process are satisfactory.  
Wild (1994) described many types of industrial sensors that can be used in condition-based 
monitoring systems.  
7.4 Multi-sensor and Multi-parameter Based Monitoring 
Because a seal operation is highly complex, due to factors like nonlinearity in sealing process 
and the seal materials, studies from the FE modelling in chapter 5 and experiments in chapter 
6 have shown that effective sealing is associated with phenomenon closely related to each 
other such as friction and temperature. As such, an effective sealing process would involve a 
large number of factors, in order to establish a parameter for effective seal monitoring that 
puts together all the necessary variables needed to achieve a good sealing.  Also a threshold 
of progression, from effective sealing to a defective sealing would be difficult to attain, since 
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studies in chapter 2 have shown that the physics of sealing is very complex and to some extent 
fuzzy. In such a situation, traditional single-sensor and single-parameter monitoring strategies 
are less useful, as they are too simplistic and often produce unreliable or incomplete diagnosis. 
Chen et al. (2000) used a fuzzy hybrid strategy with multiple sensors and parameters to extract 
inter-related information from the essential elements of a flexible manufacturing system 
(FMS). A hybrid analysis and assessment is then carried out, to draw conclusions from multi-
associated parameters. Figure 7.6 shows a typical multi sensor approach for condition 
monitoring of a machine tool found in (Teti, et al., 2010). 
 
Figure 7.6 Multi sensor monitoring system 
(Teti, et al., 2010) 
7.5 Direct and Indirect Sensor Measurement. 
According to Teti et al. (2010) “the measuring techniques for the monitoring of operations such 
as machining operations can traditionally been categorised into two approaches: direct and 
indirect. In the direct approach the actual quantity of the variable, e.g. tool wear, is measured. 
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Examples of direct measurement in this case are the use of cameras for visual inspection, 
radioactive isotopes, laser beams, and electrical resistance. However, many direct methods 
can only be used as laboratory techniques. This is largely due to the practical limitations 
caused by access problems during machining, illumination and the use of cutting fluid. 
However, direct measurement has a high degree of accuracy and has been employed 
extensively in research laboratories to support the investigations of fundamental measurable 
phenomena during machining processes. Through indirect measurement approaches, 
auxiliary quantities such as the cutting force components can be measured. The actual 
quantity is subsequently deduced via empirically determined correlations. Indirect methods 
are less accurate than direct ones but are also less complex and more suitable for practical 
applications”. 
7.6 Conclusion 
A review of the state-of-the-art for seal monitoring technique and other similar methods, found 
in related mechanical systems have been explored in this chapter. It is important to understand 
the various available condition monitoring techniques currently in use for similar engineering 
assets, to enable a transfer of technology. For instance, a multi sensor or an indirect sensing 
method can be selected in applications where a single sensor is unable to accomplish a task, 
as seen in a machining operation. Such is the case in a seal operation due to complexity in 
mechanism governing seal operation.  
This chapter has shown that direct measurement of parameters is very effective in the 
condition monitoring of a system, just like the acoustic emission technique for a face seal. 
However, some of the most direct measurement are still majorly laboratory bound. Through 
indirect measurement approaches, auxiliary components such as drive torque, shaft speed, 
power etc. that works with the seal can be measured (as seen correlation of chapter 6). The 
actual quantity being monitored can then be subsequently deduced, via empirically 
determined correlations. This has been part of the work carried out in chapter 6. Indirect 
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methods are less accurate than direct ones, but are also less complex and more suitable for 
field and practical applications.  
So far, an extensive knowledge has been acquired on how to monitor seal using data from 
historical data of literature review in chapter 2, finite element simulation results in chapter 5 
and experimental results of chapter 6. Using knowledge from an individual domain might not 
be enough to form a comprehensive monitoring technique. A more confident result can be 
obtained by combining knowledge obtained from the three domains. However this can be 
plentiful. The next chapter therefore looks into how an expert system can be developed 
through combining the three domains, to form a system for seal condition and life monitoring. 
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Chapter 8 
Expert System 
The investigation from previous chapter found the feasibility of employing a system that can 
fuse together information concerning seal state and able to provide guidance on seal life 
performance in the form of an expert.  This chapter develops an expert system structure that 
can be used for seal condition assessment using information that have been gathered so far. 
This technique is an extension from the previous chapter, in which several related works 
have been explored, concerning possible techniques for seal monitoring. 
8.1 Introduction 
Condition monitoring and fault diagnosis of mechanical systems have moved from traditional 
techniques to AI techniques, as seen in (Zhou 1996; Fuh et al. 2000; Teti et al. 2010; Kiyak & 
Caliskan 2012).  
The variables that are prospectively effective, in order for a sealing process to take place such 
as permissible working temperature, can be measured using appropriate physical sensors in 
(Reddyhoff et al. 2006; Braccesi & Valigi 2014) or indirect sensing method discussed in  
chapter 7. Both have their strengths and weaknesses. Signal, detected by the sensor, can 
then be fed to a human expert or a signal processor, with the aim of interpreting or generating 
functional signal that correlates with a seal’s state. 
AI techniques have been applied in the fault diagnosis of complex engineering systems, where 
accurate mathematical models are difficult to be built, such as work in (Wen, 2011). These 
techniques use association, reasoning and decision making processes, similar to the human 
brain in solving diagnostic problems. 
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8.2 Overview of Expert System (ES) 
In AI, an expert system is a computer system that emulates the decision-making ability of a 
human expert. Expert systems are designed to solve complex problems by reasoning about 
knowledge that has been presented to them.  
According to Wen (2011), ‘an expert system is a knowledge-based technique, close in style to 
human problem solving. A well-developed expert system is able to represent existing expert 
knowledge, make logical inferences and make recommendations or decisions with reasoning.’ 
Figure 8.1 depicts a model of expert system designed to monitor an induction motor. 
 
Figure 8.1 Structure of an expert system 
(Wen, 2011) 
The basic components of an expert system are: - knowledge base, an inference engine, and 
a human/expert system interface.  
The correctness and completeness of the information stored in the knowledge base specifies 
the performance achievable by the expert system. It can therefore be said that a 
comprehensive knowledge base will have at its disposal a database containing history of the 
system to be monitored, in terms of trends of well-stated failure. For instance, in applying the 
concept to seal monitoring, a comprehensive knowledge base would contain information 
related to the seal being monitored, such as data from history (past/current), experiment and 
numerical analysis.  
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As such, the heart of an ES is the ability to manage knowledge-based production rules that 
model the physical system and make an inference from the knowledge that has been acquired. 
This inference could be interpreted by a human or a computer generated system, to make 
judgement. In this research work, a computer inference system would be developed, since 
computers outperform humans in terms of information processing capability, thereby offering 
a natural tool for robust and reliable decision making. 
However, the expert knowledge must be presented to the ES in a way that can be interpreted 
by a computer or signal processing system. According to Wen (2011), knowledge can be 
presented in a number of ways to the computer or signal processor, as highlighted below 
(1) Frame-based systems represent knowledge in data structures called frames, that describe 
the typical situations or instances of entities;  
(2) Semantic networks represent the knowledge in a graphical structure, where nodes 
represent concepts and beliefs about the system, while arcs represent relationships between 
these concepts and beliefs.  
(3) Rule-based systems represent the knowledge as “if-then‟ rules in the computer memory.  
In this research work the Rule-based system will be adopted, because of its simplicity and 
similarity to human expertise in reflecting and determining the state of a system. For example 
by using the code this statement could be appropriate: IF seal is worn THEN the seal has 
become unusable. The availability of commercial software that allows such simulation to be 
carried out to validate the feasibility of the proposed approach. 
8.3 Seal Fault Diagnosis  
Fault is a deviation of at least one characteristic function from an acceptable standard and 
operation of a system. Faults can be categorised into two types: Firstly, partial fault failure, 
where the system can continue to operate, even if there is a small fault and secondly total fault 
failure, where the system needs to be shut down. The fault tolerance will depend totally on the 
application. It will be low in a precision required area, like in aircraft. On the other hand, it will 
be high in a heavy duty vehicle such as an excavator (Kiyak & Caliskan, 2012). 
139 
 
Irrespective of fault size, it is crucial to provide correct information regarding a system’s health 
to the operator. In the case of a seal, the fault severity is crucial information that can be 
provided to an operator, to help prevent breakdown and eliminate the practice of replacing 
undamaged seals during routine maintenance. But how can the fault severity information be 
achieved? In order to achieve a fault prognosis and make an estimation of the remaining useful 
life of a seal, there must be sufficient data or knowledge on the fault propagation process and 
the seal system mechanisms. A good method to detect fault severity would be to check the 
limit of a measurable variable, say 𝑌(𝑡). When the variable’s value exceeds the upper limit 
defined as 𝑌max and is lower than the lower limit 𝑌min, it can be expected that a problem exists 
in the seal. For instance, if the system temperature approaches the maximum permissible 
working temperature of the seal material, such phenomenon can shorten the seal life therefore 
an emerging failure is inevitable. As such, a remedial action is quickly needed. Therefore, a 
good seal monitoring system should not only be able to give warning once a threshold is 
exceeded, but be able to tell the severity of the fault such as low, medium, or high. However 
it is challenging to achieve a threshold due to vagueness, imprecision and uncertainties in seal 
operation and the difficulty of developing a mathematical model that governs effective sealing. 
Nonetheless, a method that would be able to adapt to uncertainties encountered in a sealing 
process, would satisfy monitoring and life predictability of a seal to a very large extent. Such 
method is the fuzzy logic technique explored in the following section. 
8.4 Fuzzy Logic  
Fuzzy logic was introduced by (Zadeh, 1965), and it is a mathematical tool for dealing with 
uncertainties, which represent the vagueness of human concepts in terms of linguistic 
variables. It provides a technique to deal with imprecision and information granular.  
In fuzzy logic, each bit/segment of knowledge is represented by a fuzzy set or a fuzzy relation 
on the approximate universe. The fuzzy set representation of the different segments are 
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combined and the result of this combination is projected into the universe of interest as 
illustrated in Figure 8.2. 
After the introduction of fuzzy sets, their applications to solve real-life problems were 
concentrated and some fuzzy logic applications in engineering problems can be found in 
(Jeffries et al. 2001; Ogaji et al. 2005; Soyguder et al. 2009; Lau & Dwight 2011; Sakthivel et 
al. 2012; Taghavifar & Mardani 2014). 
 
Figure 8.2   A fuzzy logic system 
It is quite normal in engineering to apply a variety of original and deep theoretical approaches, 
to formulating and solving abstract problems in a general setting. Rapid developments in 
technology may make these theoretical approaches easier to realise. In such situations, 
models are constructed to be precise, covering a domain to be controlled, which usually leads 
to more complex model equations, with many parameters to be estimated. It is also not 
unusual that the information required by those models may not be efficiently acquired or may 
only be obtained with difficulty, therefore a poor performance of the system under control could 
be expected (Zhou, 1996). 
Fuzzy logic, on the other hand, is based on empirical acquired knowledge or vague human 
judgements regarding the operation of the process, instead of being posed with a strict 
analytical framework that can be very difficult to achieve. In fuzzy logic, a set of linguistic rules 
which describe the operator’s control action is constructed, where words are defined as fuzzy 
sets. The main advantages of this approach seem to be the possibility of implementing “rule 
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of thumb” experience, intuition, heuristics, and the fact that it does not need a process model 
(Mamdani, 1975). 
8.5 Fuzzy Logic Control 
The basic fuzzy logic control system is composed of a set of input membership functions, a 
rule-based controller and a defuzzification process.  
The fuzzy logic input uses membership functions to determine the fuzzy value of the input. 
There can be any number of inputs to a fuzzy system and each one of these inputs can have 
several membership functions. The set of membership functions for each input can be 
manipulated to add weight to different inputs. The output also has a set of membership 
functions. These membership functions define the possible responses and outputs of the 
system.  
The fuzzy inference engine is the heart of the fuzzy logic control system. It is a rule based 
controller that uses IF-THEN statements to relate the input to the desired output. The fuzzy 
inputs are combined, based on these rules and the degree of membership in each function 
set. The output membership functions are then manipulated, based on the controller for each 
rule. Several different rules will usually be used, since the inputs will usually be in more than 
one membership function. All of the output membership functions are then combined into one 
aggregate topology.  
The defuzzification process chooses the desired finite output from this aggregate fuzzy set. 
There are several ways to do this such as, weighted averages, centroids, or bisectors. This 
produces the desired result for the output (MathWorks, 2014). 
8.6 Review of Fuzzy Operations and Relations  
It is necessary to review some basic fuzzy logic concepts before going on to propose an expert 
system, which incorporates fuzzy logic as its threshold for dealing with uncertainties and for 
decision making 
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8.6.1 Fuzzification 
Fuzzification is an important concept in the fuzzy logic theory. Fuzzification is the process 
where the crisp quantities are converted to fuzzy (crisp to fuzzy). By identifying some of the 
uncertainties present in the crisp values, the fuzzy values can be formed. The conversion of 
fuzzy values is represented by the membership functions, for instance, measurement of 
change in shaft power, torque, seal temperature, etc. There might be a negligible error. This 
causes imprecision in the data. This imprecision can be represented by the membership 
functions. Hence fuzzification is performed. Such a fuzzification process may involve 
assigning membership values for the given crisp quantities. 
8.6.2 Membership Function 
Each linguistic value requires a function to map the crisp inputs into the various linguistic 
values. These functions are referred to as the Membership Functions (MF). MF describes the 
“certainty” that an element of 𝑋1, denoted by 𝑥1, with a linguistic description 𝑢1, may be 
classified linguistically by 𝑃1
𝑗
.  
A membership function allows a quantity, such as high seal temperature or excessive shaft-
seal friction, to be associated with a linguistic variable with a certain degree of truth or 
confidence. Figure 8.3 illustrates an example of membership functions for normalised seal 
temperature that is running at steady state, in which the horizontal axis is an assumed 
normalised permissible working temperature of an NBR seal material. The vertical axis 
indicates how the temperature is associated to four linguistic variables denoted as “very low” 
(VL), “low” (L), “moderate” (M), or “High” (H). Therefore, four membership functions are used. 
In Boolean logic, the temperature would be judged as either “true” or “false”, with respect to 
any of the four linguistic variables. But in fuzzy logic, such a concept is extended to allow the 
temperature to be associated with these linguistic variables between 0 (fully false) and 1 (fully 
true). The same input value can indicate more than one membership value, implying that 
different statements can be simultaneously true but to different degrees of truth  
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Figure 8.3 MF for the temperature of a lip seal 
The fuzzy membership takes different shape style. Most common topologies generally include 
Signoidal, Gaussian, triangular, trapezoidal, S-shape and Z-shape or combination of them. 
The mathematical expression for the some of the common topologies are higlighted below  
1) Piecewise Linear Functions: this type constitutes the simplest type of MFs, and they 
may be generally either triangular or trapezoidal type. A triangular MF is described by 
three parameters a, b and c given by the expression: 
𝑓(𝑥: 𝑎, 𝑏, 𝑐) = max {𝑚𝑖𝑛 [
𝑥−𝑎
𝑏−𝑎
,
𝑐−𝑥
𝑐−𝑏
] , 0}     8.1 
Where 
𝑥: the input vector 
𝑎, 𝑏 ∶ the low point parameters of the triangle 
𝑐 ∶ the peak point parameter of the triangle 
2) Gaussian Functions: this type is used to represent linguistic terms in the form of a 
Gaussian which is given by: 
𝜇𝐴𝑖(𝑥) = exp (−
(𝑥−𝑐𝑖)
2
2𝜎𝑖
2 )      8.2 
Where 
𝑐: the radial basis function centre 
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𝜎: the width of the radial basis function 
3) Bell-shaped membership function: the generalised bell function depends on three 
parameters a, b, and c as given by 
𝑓(𝑥; 𝑎, 𝑏, 𝑐) =
1
1+|
𝑥−𝑐
𝑎
|
2𝑏      8.3 
Where 
𝑏: usually positive 
𝑐: locates the centre of the curve 
4) Sigmoidal membership function: this type of MF can generally be open to the right or 
to the left. The general expression is given by 
𝑓 (𝑥, 𝑎, 𝑐) =
1
1+𝑒−𝑎(𝑥−𝑐)
      8.4 
Where  
𝑎 = the steepness of the function 
If 𝑎 is positive, the MF is open to the right, whereas if it is negative, it is open to the 
left. The former represents the concept of very large positive whereas the latter 
represents very large negative. 
 (MathWorks, 2014). 
Construction of the membership functions requires significant insight into the physical 
meaning of the signals and the linguistic variables to be used. There are various methods to 
assign the membership functions to fuzzy variables. The assignment can be done solely by 
intuition, or by using some algorithms or logical procedures. Other methods of assigning a 
membership function can be found in (Sivanandam, et al., 2007) 
8.6.3 Linguistic Rules 
FLC is constructed around a set of linguistic rules that facilitates mapping the inputs and the 
outputs. Linguistic rules are determined by an expert on the system. The linguistic rules are 
in the form, 
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IF premise THEN consequent       8.5 
Such linguistic rule is analogous to a statement such as :- 
IF friction is high THEN seal is prone to Wear 
The inputs of the fuzzy system are normally associated to the premise part of the equation 
while the outputs of the system are associated with the consequence. The number of rules in 
the FLS depends on the total number of linguistic variables, such as single-input and single-
output (SISO), multi-input and single-output (MISO), multiple-input and multiple-output 
(MIMO) (Passino & Yurkovich 1998; Eker & Torun 2006). 
The SISO form of the rule is as follows: 
 𝐼𝐹 𝑥 𝑖𝑠 𝑃1
𝑗
…𝑇𝐻𝐸𝑁 𝑦 𝑖𝑠 𝑄        8.6 
The MISO form of the rule is as follows: 
𝐼𝐹 𝑥1 𝑖𝑠 𝑃1
𝑗
 𝐴𝑁𝐷 𝑥2 𝑖𝑠𝑃2
𝑘
 𝐴𝑁𝐷,…𝐴𝑁𝐷 𝑥𝑛 𝑖𝑠 𝑃𝑛
𝑙
 𝑇𝐻𝐸𝑁 𝑦1 𝑖𝑠 𝑄1
𝑗
    8.7 
The MIMO form of the rule is as follows: 
𝐼𝐹 𝑥1 𝑖𝑠 𝑃1
𝑗
 𝐴𝑁𝐷 𝑥2 𝑖𝑠𝑃2
𝑘
 𝐴𝑁𝐷,…𝑥𝑛 𝑖𝑠 𝑃𝑛
𝑙
 𝑇𝐻𝐸𝑁 𝑦1 𝑖𝑠 𝑄1
𝑗 𝐴𝑁𝐷 𝑦2 𝑖𝑠 𝑄2
𝑘  𝐴𝑁𝐷,…𝐴𝑁𝐷 𝑦𝑚 𝑖𝑠 𝑄𝑚
𝑅
           8.8 
When constructing a linguistic rule for a system, not all the linguistic terms have to be used. 
Only variables of significant effect need to be included into rules and it is down to the system 
and the expert knowledge which linguistic terms are used or not used. 
8.6.4 Defuzzification 
The output of the fuzzy system is often required to be a crisp value ( a number) and not a 
fuzzy set. Therefore, the aggregated fuzzy set needs to be transformed into a single numerical 
value, which can be used to deduce the state of the system being monitored. For example 
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weather the seal condition is ok or needed to be replaced. There are numerous methods for 
defuzzification, as seen in (Sivanandam, et al., 2007). Normally, the most suitable method is 
used, subject to the conditions of operations. Centre of area (COA) is the most commonly 
used technique due to its simplicity and ease of use (Lau & Dwight, 2011), and it is obtained 
from equation 7.21 and displayed in figure 8.4 
 
Figure 8.4 Centre of area method of defuzzification 
𝑌𝐶𝑂𝐴 =
∫ 𝜇𝑖(𝑦)𝑦𝑑𝑦
∫ 𝜇𝑖(𝑦)𝑑𝑦
           8.9 
(Sivanandam, et al., 2007) 
8.7 Seal Operational Window 
Section 8.4 to 8.6 presented how fuzzy logic can allow a measurable quantity, such as high 
seal temperature, or excessive shaft-seal friction, to be associated with a linguistic variable 
with a certain degree of truth or confidence. Since it is challenging to achieve a threshold due 
to vagueness, alongside imprecision and uncertainties in seal operation, a method for 
quantifying such parameters would be to use a so called `operational windows’ in form of 
range in the fault size, to effect the building of membership function that can determine seal 
state.  
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According to Jeffries, et al. (2001), an operational window is a way of analysing how the actual 
value of a variable relates to a pre-determined datum. He used the term `error’ to describe a 
measure of the difference between the pre-determined datum and the actual, and it is 
illustrated in Figure 8.5. 
 
Figure 8.5 Fault range 
The width of the operational window would be the tolerance within which a parameter can lie 
without causing a problem i.e. a region where the seal is not likely to fail. The window can be 
subdivided to differentiate smaller errors, which tend to reduce seal performance, or to larger 
errors risking total seal failure. 
Although such an operational range can provide a means of quantifying seal performance, 
their determination and use can suffer from two problems, such as seen in similar work of 
(Jeffries, et al., 2001). Firstly, a mechanism must be devised to ascertain the positions of 
individual windows. Secondly, the functional relationship between these windows needs to be 
established. Due to these relationships being difficult to describe through mathematical 
models, fuzzy logic appears to offer a simple and robust approach enabling the heuristic 
information to be represented in a structured manner. The fault range of a parameter can be 
mapped onto the fuzzy domain, thus allowing individual fuzzy sets to become the tolerance 
bands within each window, similar to work of (Jeffries, et al., 2001), presented in Figure 8.6 
+ 
Small Error Large Error 
- 
Operational Window 
No Error 
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Figure 8.6   Mapping of a fault range into a fuzzy domain 
Input parameters can therefore be classified with five fuzzy sets: Large-negative, Small-
negative, Nominal, Small-positive and Large-positive. The fuzzy set is well suited to this role, 
because it shows varying degrees of membership rather than a simple true or false 
association. By describing an operating range in a fuzzy manner, although the true value is 
discrete, a close approximation can be produced, by utilising the flexibility and robustness of 
the fuzzy logic method. 
If operating ranges are to be combined, the result must also be an operating range, 
representing the overall seal state. A seal can be described by three basic states: 
i. Safe – all parameters are close to nominal error and there is minimal risk of seal failure. 
ii. Caution – some parameters are showing small errors and there is a possible risk of 
seal failure. 
iii. Critical – one or more parameters have exceeded acceptable tolerance limits and seal 
failure is imminent. 
These states can be classified in the output fuzzy domain as three sets: Safe, Caution, Critical. 
8.8 An Expert System Structure for Seal Assessment 
Fuzzy logic has been seen to be a reminiscent of the human thinking process and natural 
language, enabling decisions to be made based on vague information. It is particularly suitable 
in circumstances where the input signals that are to be used for fault diagnosis can be 
associated with certain membership functions such as a seal state during operation which can 
be termed safe, caution and critical. 
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Parameters governing the successful operation of seal have been shown to be very extensive, 
as can be seen from the numerical modelling in chapter 5, the experimental test in chapter 6 
and also the historical data from the literatures related so far. Therefore, decision making on 
seal state, based on data from a single domain, (say experiment only) is not sufficient to 
accurately monitor or used to predict seal life. As such, parameters obtained from different 
domains can be put together to form a comprehensive knowledge base to accurately 
monitor/predict life performance of a seal, which are governed by rules, primarily if-then rules. 
The generated rules can then be scanned by an inference system, which can then produce 
the corresponding output implications, further aggregated to form a single overall output that 
determines seal state. The inference system can be human or generated through a developed 
computer algorithm. However, it should be noted that inference based on a human can be too 
complex to handle, uncertain and imprecise, due to finite level that the human brain can hold 
data.  
The structure of an expert system for accurate seal monitoring and life prediction can be 
organised into a framework shown in Figure 8.7 
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Figure 8.7 Proposed structure of expert system for seal monitoring 
8.8.1 Knowledge Base/Knowledge Acquisition: 
This unit consists of all the relevant information that can be acquired, to successfully predict 
life performance and monitor seal. In this work, they include data from numerical modelling, 
experimental tests, historical data, current data and real life data, all collected to form a 
comprehensive knowledge source, that can be consulted as an expert to monitor and predict 
seal life. 
 
Expert 
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Acquisition 
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8.8.2 Logical Inference system: 
The inference engine directs the use of the knowledge base by filtering data from knowledge 
base, through searching and retrieving a suitable feature set. It will label the fault set, governed 
by the rule base already established and ‘operational window’ of the membership function.  
8.8.3 Decision /Output: 
This is the final stage of the expert system flow chart. It gives a conclusion which holds general 
description of the properties of the phenomenon under consideration. 
8.9 Limitation of Intelligent Technique 
 Expert system just like every other intelligent technique has its strength and limitations. The 
main difficulty of applying an ES is in the process of acquiring knowledge, which collects 
adequate knowledge from domain experts and translates it into computer programmes. Firstly, 
domain experts may not be available for unique operating scenarios. Secondly, when domain 
experts are available, they may not understand, or be able to explain clearly, how they solve 
the problem. Since expert system is a specific application, ES cannot handle new situations 
which are not covered explicitly in its knowledge bases. Also, developing an expert system 
from scratch can be time consuming and the maintenance of the large knowledge bases of 
ES is very difficult. 
8.10 Conclusion 
The investigation of expert system in this chapter has shown the possibility of developing an 
expert system structure, which can monitor/predict seal life and other similar engineering 
assets. The system structure developed is based on the parameters obtained from analytical 
study chapter 5, experimental test of chapter 6 and historical data found in the literature review 
part of this thesis. A common justification for the expert system structure was considered with 
respect to the benefits it offers, as follows  
152 
 
i. It can remove the need for time consuming and costly human investigation. 
ii. Its intelligence would provide maintenance personnel with an analysis on the health of 
not just the seal, but related machinery and process. 
iii. The system would be able to handle all of the available data and knowledge in an 
ordered way, with the ability to overcome challenges such as handling uncertainty, 
competing evidences and allowing the adaptation of the inference process by providing 
case-based feedback. 
iv. It embodies human expert and responds to consultation at a level of competency, 
equal to or better than, that of human expert alone.  
v. Validation, consistency, redundancy and completeness can be checked in rule bases 
(knowledge acquisition supervision). That could speed up automated learning and 
improve user interpretability. 
vi. Convenient user interface. Easy end-user-interpretation when the final user is not a 
skilled engineer. 
In the next chapter, a simulation will be carried out to validate the structure which has been 
developed. It will make use of Matlab® software to build a knowledge base, and an if-then 
fuzzy logic tool would be used to determine seal state, based on some data that are supplied 
to a knowledge base. 
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Chapter 9 
Development of Expert System for Seal Health Diagnosis and Life 
Prediction 
The need to demonstrate the potential of expert system structure, for seal monitoring and 
life performance from the previous chapter, falls into the realm of simulation. This chapter 
produces a framework and design methodology that can be used for the development of 
such structure through simulation. 
9.1 Introduction  
The condition of an engineering system can be investigated through tests and then a decision 
has to be made, whether such system should be repaired or replaced or further in-depth test 
is needed. The tracking of individual variables to base a judgement on is not very problematic 
but to deduce the overall condition of the system is more difficult. An experienced expert can 
perform this task to some extent, by using a set of rules learnt through experience as 
demonstrated in (Jeffries, et al., 2001). 
A similar approach is available by means of fuzzy logic, which has a proven ability to convey 
heuristic information, governing non-deterministic problems using a rule base discussed in 
chapter 8. It may even allow an insight into the performance of the system from a management 
perspective or operator’s point of view (Jeffries, et al., 2001). 
Currently in an application where seals are used, one of the biggest problems is the 
unforeseen failure of seal, due to several unquantifiable factors that have been discussed in 
earlier chapters. It is unnecessary to change a seal if it is still able to perform its sealing 
function. Therefore, an effective health diagnosis mechanism is necessary, so that production 
loss and downtime are avoided.  
154 
 
In the industry, the decision to be made is normally based on human judgement and field 
experience, which are subject to personal view and often bias. As such, a more scientific and 
reliable decision support model is needed to help companies make the right decision. This 
can be vital to ensure that unforeseen failure is brought to a minimal.  
In this chapter, a decision support model to monitor seal is developed, using the structure 
already proposed in chapter 8, with the inclusion of fuzzy logic technique. The fuzzy-based 
expert system adopts the fuzzy reasoning to suggest an optimal action that needs to be taken, 
to deal with the problem of a seal’s state during operation. This approach forms part of the 
novelty of this research, in as much as it provides a relatively independent result, based on 
available numerical (crisp) data from knowledge base. One of the main benefits of the work 
which would be seen, is that its knowledge base can accumulate experience through a 
learning process and becomes ‘‘smarter’’ over time.  
9.2 Development of Condition Monitor Prototype 
In order to examine the effectiveness of the expert system structure proposed in this research, 
a prototype is developed and tested using Matlab® software. 
The ES model consists of five stages highlighted. These are:- 
i. Fault tree,  
ii. Data Fusion 
iii. Fuzzification,  
iv. Inference engine  
v. and defuzzification/ output 
Development of fault tree helps in identifying the part of the seal system which needs to be 
maintained, rather than just considering the lip seal component only. This is done through 
associating individual components with specific effects they have on a seal system. It is an 
approach similar to that found in (Phillips & Diston, 2011). 
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The first step used in developing a fault tree in this work was to utilise the knowledge, captured 
within the parts tree to identify individual component failure modes and their effects upon the 
system as presented in Figure 9.1. 
Fault tree construction is highly dependent upon expert knowledge which is captured within 
failure mode analysis, such as results from FEA studies, literatures, experimental test, life 
performance data, questionnaires etc. Once unified within a fault tree, the information can 
allow informed decisions to be made, regarding potential abnormalities which may occur 
during normal operation. This is achieved by the fault tree acting as a steering tool towards a 
specific diagnosis, thereby making the structure a smart one by applying a set of symptoms 
to obtain a general problem.  
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Figure 9.1 Fault Tree 
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Data fusion is the process which uses collaborative or competitive information obtained from 
multiple sources to deduce a more confident and informed decision regarding a situation. The 
data fusion paradigm is that the whole is greater than the sum of its part. That is, fusing data 
from multiple sources results in an output which is much more enriched in information than 
from a single source (Phillips & Diston, 2011). 
Data fusion in this study converts data into information, which is subsequently combined with 
knowledge and logic, to aid inference and decision making. It is believed that this ability makes 
data fusion an attractive model upon which to base condition monitoring of a seal and similar 
assets upon. It incorporates data obtained from previous chapters: literature review of chapter 
2 & 7, FEA results in chapter 5, and experimental test in chapter 6 (unified into a fault tree). 
The fusion process is implemented into the system to form its knowledge base, in order to 
provide support for the system operator, who, without the support of a data fusion system, 
would need to manually examine the information to achieve timely, robust and reliable 
situation assessments. 
The procedures comprising fuzzification to defuzzification can be grouped to form a fuzzy 
system which embraces the fuzzy logic principle. This is another core part of the whole system 
with schematic details presented in Figure 9.2
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Figure 9.2 Structure of fuzzy model 
 
A unified structure of the FES from fault tree to decision (output) is shown in figure 9.3 
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Figure 9.3 Structure of fuzzy expert system 
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9.3 Case Study 
To evaluate the effectiveness of the proposed expert system, an exemplified case study is 
conducted on a seal system. 
In this example, an illustration is carried out on a rotary seal system to detect the status of the 
system whilst, putting into consideration the shaft performance and the elastomeric lip seal. 
To achieve this aim, three observable parameters were used in the form of, torque data and 
motor current data obtained in chapter 6, and also lip seal temperature characterisation 
obtained from the finite element modelling of chapter 5. These parameters were supplied as 
inputs to the expert system in order to achieve the proposed goal. These inputs are in the form 
of:  
i Shaft performance: Chapter two explained that a lip seal under steady operating 
condition possess a micron scale lubricating film trapped within the shaft surface which helps 
to separate the lip from the shaft. This film prevents damage to the lip from excessive heat 
generated at the lip–shaft interface and therefore should be retained if effective sealing must 
prevail. The roughness characteristics values used to describe the requirements for the shaft 
surfaces are 𝑅𝑧 and 𝑅𝑎 as found in (Kunstfeld & Haas 2005; Bruker 2011; Jia et al. 2011). 
During operation, the values of 𝑅𝑧 and 𝑅𝑎  diminish as the shaft wears off over time as it rotates 
against the seal. When the shaft becomes smooth (losing all its asperities), the cumulative 
leakage rate escalates as presented in Figure 9.4 from the experimental test of chapter 6. 
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Figure 9.4 Cumulative leakage over time  
James Walker, UK 
From the plot, it can be seen that the fluid leakage was minimal when the shaft surface had 
some amount of roughness on it. This justifies the hydrodynamic pumping effect of shaft 
surface roughness on rotary lip seal behaviour explained in (Salant & Shen, 2003) . However, 
as the shaft asperities wear off with time, the phenomenon caused the leakage rate to 
escalate. From the graph of Figure 9.4, a deduction can be made on seal leakage as a result 
of shaft surface roughness wear, based on the performance curve in the diagram. The effect 
of shaft asperities as they affect seal performance can be normalised between values of 0 
to 1. And classified into low, medium and high as depicted in Figure 9.5.  
High Shaft 
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Medium Shaft 
Asperities 
No Shaft 
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Figure 9.5 illustration of operation range of input parameters 
From Figure 9.5, the LOW boundary indicates a SAFE range within the normalised span, 
MEDIUM represents an OK range while HIGH signifies region of RISK. 
Using the experimental test data from chapter 6, it is worthy to note that the diminishing surface 
roughness causes a reduction in the amplitude of the shaft torque and motor current data. 
That is, as the seal wears off, the amplitude of shaft torque data and motor current drops as 
shown in Figure 9.6 and Figure 9.7 respectively. 
 
Figure 9.6 A change in shaft torque data as shaft asperities diminishes 
1 
0 
LOW MEDIUM HIGH 
1 
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Figure 9.7 A change in motor current data as shaft asperities diminishes 
ii Seal temperature: An increase in temperature as a result of increase in friction (shown 
in chapter 5) is another observable parameters that can be used as input to the expert system. 
Figures 9.8 shows a change in trend of the temperature value as friction increases. When the 
friction between the shaft-seal was minimal (𝜈 = 0.04), the seal temperature was also minimal. 
However, as friction increased, the temperature can be seen to increase proportionally. This 
is because as the film collapses, frictional heat releases heat energy at the contact zone 
thereby raising the elastomer’s temperature. 
For an NBR material, its upper temperature limit tolerance is 1100𝐶 (Flitney, 2007). This 
implies that within this temperature range, the elastomer is prone to plasticise thereby losing 
it resilience function that provides effect sealing. 
As such, a transition has to be established from a point of minimal value of tolerable 
temperature that inflict no harm on the seal to a point of high value which poses risk on the 
seal. This can be obtained by considering the critical value where the seal temperature 
becomes extreme, and creating membership functions that stipulates a safe and an unsafe 
region. In this example, the transition is presented in the form of low, medium and high, 
normalised between 0 𝑡𝑜 1, as illustrated earlier in Figure 9.7. 
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Figure 9.8 Plot of COF vs. temperature 
9.3.1 Input and Output Parameters 
Table 9.1 shows a summary of the input variables, with their corresponding linguistic variables, 
to be supplied to the expert system and the output state to be evaluated. 
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Table 9.1 Input and output variables with associated normalised span values. 
System variable Monitored parameter Domain Normalised Span 
Inputs  Shaft torque Good  27-35 
  Ok 20-28 
  Bad 16-22 
 Motor current Good 20-25 
  Ok 15-22 
  Bad 12-16 
 Seal temperature Good 0-60 
  Ok 55-80 
  Bad 75 and above 
Output Shaft state Good(F1)  
  Cautious(F2)  
  Bad(F3)  
 Lip seal state Good(F1)  
  Cautious(F2)  
  Bad(F3)  
  
The ES in this example, is to determine if the seal system needs to be replaced/exact 
component to be replaced based on the predicted value of fault severity.  
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The illustration is to provide a numerical result which is essential to support decision making 
concerning a rotary seal system’s state. What the ES requires is the inputs with crisp values. 
Based on these inputs, a crisp result can be obtained on which to base judgement. Figure 9.9 
shows the input and output variables in the MATLAB® environment, where shaft torque, motor 
current and seal temperature are referred to as input, and the lip seal state and shaft state are 
referred to as output. 
The core of a fuzzy model is the fuzzy inference engine, which performs the function of a 
reasoning mechanism (also called fuzzy reasoning). Fuzzy reasoning is an inference 
procedure, used to derive conclusions from a set of fuzzy IF-THEN rules.  The two most 
popular fuzzy inference methods are the Mamdani and Sugeno models. “The main difference 
between the two methods lies in the consequent fuzzy rules. The Mamdani model uses fuzzy 
sets as rule consequent, whereas Sugeno employs linear functions of input variables as rule 
consequent” (Sivanandam, et al., 2007, p. 119).   
Mamdani Operator is selected as the implication operator in this case, because it enhances 
the efficiency of the defuzzification process and greatly simplifies the computation required 
(Sivanandam, et al., 2007). 
 
Figure 9.9 A seal system condition monitor developed in MATLAB environment. 
The thresholds of the inputs are categorised using three linguistic variables as operational 
tolerance span and membership function. These categories are Good, Ok and Bad. 
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The membership functions for the output i.e. fault severity of the seal system are 
𝐹1, 𝐹2, 𝑎𝑛𝑑 𝐹3. 𝐹1 represents the lowest fault severity and 𝐹3 represents the highest fault 
severity. The shapes of the membership functions were selected based on the guidelines 
suggested in (Yen & Langari 1999; Taghavifar & Mardani 2013). 
Appendix J shows a constructed membership function of the inputs and output variables.  
The input fuzzy set is converted into an output fuzzy set through an inference process, which 
includes rule block formation and composition rules presented in Tables 9.2-9.5. 
Table 9.2 Indicator 
 Motor Current  operational window (Antecedent) 
Seal Temperature operational window  (Antecedent) 
Shaft Torque 
operational window 
(Antecedent) 
Lip seal status   Shaft status 
(Consequent) 
 
Table 9.3 Rule Block A 
A Motor Current  (Good) 
Good Ok Bad 
Good F1 (F1) F1 (F1) F2 (F1) 
Ok F1 (F1) F1 (F1) F2 (F1) 
Bad F1 (F3) F2 (F3) F3 (F3) 
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Table 9.4 Rule Block B 
B Motor Current  (Ok) 
Good Ok Bad 
Good F1 (F1) F1 (F1) F2 (F1) 
Ok F1 (F2) F1 (F2) F2 (F2) 
Bad F1 (F3) F2 (F3) F3 (F3) 
 
Table 9.5 Rule Block C 
C Motor Current  (Bad) 
Good Ok Bad 
Good F1 (F2) F2 (F2) F3 (F1) 
Ok F2 (F3) F3 (F3) F3 (F3) 
Bad F2 (F3) F3 (F3) F3 (F3) 
 
 From the rule block, twenty seven IF-THEN rules can be generated. These rules are then put 
into the implication process which is used to determine the output fuzzy set in the form of: 
 𝑅𝑘 ∶ 𝐼𝐹 𝑥1 𝑖𝑠 𝐴1
𝑘  𝑎𝑛𝑑… . 𝑎𝑛𝑑 𝑥𝑁  𝑖𝑠 𝐴𝑁
𝑘  𝑡ℎ𝑒𝑛 𝑌 𝑖𝑠 𝐶𝑗    9.1 
Where 𝑥1 , …… , 𝑥𝑁   denotes the outstanding selected features for the classification problem, 
in this case are shaft torque, motor current and seal temperature. 𝐴1
𝑘  , …… , 𝐴𝑁
𝑘  are linguistic 
labels used to discretize the continuous domain of the variables, represented as GOOD, OK, 
and BAD in this illustration. 𝑌 is the class 𝐶𝑗 to which the pattern belongs, represented as the 
faulty component and fault size respectively in this situation (Cordon, et al., 1999). 
169 
 
The outcome of selected inputs can be extremely varied and without any limitation. Also a 
greater number of outputs can be generated based, on the rules. The knowledge base can 
accumulate experience through more variables fed and taught to it and become smarter over 
time. However, one of its limitations is that it cannot handle new situations not established 
explicitly within its knowledge base. 
Figure 9.10 depicts an IF-THEN rule flow diagram to clarify equation 9.1 
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Figure 9.10 IF-THEN rule flow diagram representing equation 9.1 
To determine the crisp value, defuzzification process is required. The method of centre of area 
(COA) is selected in this study, due to its effectiveness, as explained in (Sivanandam, et al., 
2007). 
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Figure 9.11 and Figure 9.12 show the rule editor and surface rule viewer within Matlab® 
environment. 
The rule viewer allows one to interpret the entire inference process at once. The rule viewer 
also shows how the shape of a certain membership function influences the overall result. 
However, because it plots every part of every rule, it can become unwieldy for particularly 
large systems, but, for a relatively small number of inputs and outputs like this one, it performs 
well. The surface viewer shows a three-dimensional curve that represents the mapping from 
shaft torque, motor current and seal temperature, to lip seal state and shaft state. The surface 
view has special capability, in that the user can grab the axes using the mouse and reposition 
them to get a three-dimensional view on the data (Mathworks, 2015). 
 
Figure 9.11 Fuzzy rule editor 
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Figure 9.12 Surface rule viewer 
9.4 Discussion 
To evaluate the proposed expert system structure which has been developed in this research, 
a purpose-built diagnostic, condition-monitoring and life-prediction system has been designed 
to determine the state of a seal system operation by using simulation. 
The proposed system was implemented in the Matlab® environment and simulation was 
carried out, based on a case study illustration. It was able to identify a seal system health 
condition with simulated measured data. The model was able to identify the system condition 
with a reasonable accuracy.  
To illustrate the current scenario, whereby the shaft asperity of a seal system has worn out 
over time, and consequently caused the shaft torque and motor current to drop in value in 
which friction raised the lip seal temperature. It would be necessary to determine the current 
status of the seal system 
Assuming that from the life performance data in chapter 6, the torque displays a value 20Nm 
and the motor current reads 15.9Amps, and the seal lip temperature is 65 degree Celsius. The 
system is able to predict an output as follows in Figure 9.12. 
173 
 
 
Figure 9.13 Fault prediction of the expert system 
The system is able to evaluate that the lip seal is already approximately 54% damaged, as 
indicated on the fourth column, whereas the shaft is about 70% damaged, as seen on the fifth 
column.  
The system provided a good inference when compared to the life performance data and FEA 
results of Figure 9.6- 9.8. considering that the worn shaft have caused the shaft torque and 
motor current to drop and also the friction between the shaft and elastomer lip has raised the 
lip temperature. The evaluated value from the expert system is able to provide critical 
information concerning the rotary seal system’s state.    
9.5 Conclusion 
One of the main goals in this research was to provide users with information about seal health, 
which would guide them to make decisions. This information needs to be given to them at an 
incipient stage, in order to avoid any further serious damage to the system. 
The structure developed in this work provides important information about a system’s health 
and in between the thresholds too. As seen from Figure 9.13, it can provide information about 
a smooth transition from no fault to faulty conditions. The incorporation of fuzzy logic into the 
ES structure yielded a standard technique and a good option for monitoring similar assets, 
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where there is no general mathematical model available to describe the output fault severity 
based on the available inputs. The observed knowledge is directly used for fault detection 
process instead of any detailed modelling.  
The system can be implemented into software to monitor seal system condition online e.g. 
through graphical user interface (GUI). The work is also an example of fusion between soft 
computing and hard computing techniques, to design a more reliable health monitoring 
system, by providing a useful means of tracking the systems performance, through monitoring 
individual components 
Finally, a suitable generic method has been employed in the formation of the rule base and 
the linking of an operational range to the fuzzy domain. This will allow the developed 
techniques to be utilised for a wide range of similar engineering problems and the structure 
becomes smarter as more information is supplied to its knowledge base. 
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Chapter 10 
Conclusion and Recommendation 
10.1 Conclusion 
This thesis has been focused on the design and development of large scale seals under a 
variety of loads (thermal and pressure), and how the health of such seals can be monitored 
throughout their service life. The work that has been presented forms the first step in 
developing a new methodological framework for seal design, as little research been published 
in such detail for lip seal design study. Therefore the outcomes provide a foundation for future 
research and development in this area. 
 In the course of this work, the contributions to knowledge are thus: 
i. An appropriate experiment and FE modelling was devised to obtain elastomer material 
properties that puts into consideration material nonlinearity in lieu of the Hookean 
approximate currently used in industries for numerical study of elastomers  
ii. A computational modelling technique was devised to investigate different seal profiles 
for design optimisation, using FEA to model a seal system instead of the costly trial by 
error experimental tests used in industries. 
iii. A health monitoring and life prediction expert system was developed which can enable 
seals and similar assets to be monitored throughout their service life. 
The goal of a seal designer is to develop a seal of long lasting performance and this is currently 
achieved from experiments and by trial and error to attain the objective. Neither are time and 
cost efficient. Only a few design approaches are based on FEA with limited knowledge on 
elastomer nonlinear material behaviour. The study herein presented an effective and efficient 
method, using FEA, to provide an insight for seal design characterisation, whilst putting into 
consideration material nonlinearity, exhibited by elastomers and contact problems 
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encountered in a seal system. It is therefore expected that this approach can be used in the 
industry for seal design. 
Most of the studies concerning industrial practice found that rotary seals are often replaced 
during scheduled maintenance, to prevent catastrophic failure. However, it is unnecessary to 
change a seal if it is still able to continue to perform its sealing function. Therefore, considering 
the potential for the demand of a seal monitoring and diagnostic system in the future, research 
on an effective health diagnosis mechanism is presented in this work. After evaluating the 
strengths and weaknesses of different existing and potential monitoring techniques from 
similar engineering assets, a knowledge based expert system is proposed to monitor and 
assess seal performance. It utilises knowledge based on historical data, live data, 
experimental test and numerical modelling data, all unified in the form of data fusion, which 
forms collaborative and competitive information obtained from multiple sources which is more 
enriched in information than from a single source, to deduce a more confident and informed 
decision regarding a seal’s health.  
A number of concluding remarks can be drawn from the research undertaken, and these are 
listed below: 
i. Elastomeric seals are subjected to a variety of loads and usually develop defects as a 
result of such load. Chapter 1 explained that in a case where a seal becomes faulty 
through swelling, blistering or cracking, it might be reacting with the process fluid it 
seals. This problem is especially severe where the fluid has a molecular structure 
similar to the elastomeric material. This information justifies the importance of material 
selection, when designing seal for a particular application. 
ii. A seal’s geometry has an effect on the overall performance of the seal. Chapter 2 
provided an explanation on lip seal geometric profile and their corresponding effects 
on seal performance. Therefore, it is necessary to optimise certain parameters in order 
for a seal to effectively fulfil its sealing function. 
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iii. Shaft surface does affect a lip seal performance. If the shaft is too rough, roughness 
would cause the seal to wear out quickly, if too smooth, there will be no asperities to 
retain lubricant, hence a healthy seal is seen to become leaky. Also, irregularities on 
the shaft surface provide reservoirs to store liquid under static conditions and supply 
liquid to form lubricating film at start up. Detailed information concerning this 
phenomenon has been discussed in chapter 2. It is noted from this information that 
shaft surface plays a significant role in seal operation. 
iv. The confidence in an FEA result depends on the material properties used to carry out 
the analysis. Chapter 3 showed that the conventional Hookean law has limitation and 
cannot accurately model an elastomeric component, due to large nonlinearity exhibited 
by the material, even though elastic. Hence the use of hyperelastic model, which puts 
into consideration material nonlinearity, was put forward in order to eliminate the 
shortcomings of the Hookean law. 
v. There are several hyperelastic material models that can be used for lip seal design 
study. However, there are limited papers that comprehensively explain how to 
characterise hyperelastic model for use in FEA. The few available ones focused on 
tensile loading. On the other hand, some elastomer products like O-rings and radial lip 
seals are usually subjected to compression, therefore it is necessary to take into 
consideration. Chapter 4 of this thesis focused on experimental test for an elastomeric 
specimen, subjected to both forms of load. The chapter also related how Drucker 
Criteria can be used to evaluate hyperelastic material parameters. The work also 
provides a methodology to validate hyperelastic model. 
vi. Thermal properties are required when carrying out thermal analysis. However, 
obtaining the thermal properties of polymers is difficult and expensive. Chapter 4 gave 
a description of a locally-developed test rig to obtain the coefficient of thermal 
expansion of an elastomer specimen. 
vii. In industry, a quality assurance check is needed to satisfy the performance of a seal. 
The current approach usually involves a series of experimental tests and trial and error 
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to attain an optimal seal profile. This is not usually economical, in terms of time and 
resources. Chapter 5 established a methodology to optimise seal design using FEA to 
model a seal system. The chapter also provided the required assumptions and 
boundary conditions to successfully achieve credible results. 
viii. From the FEA simulation findings, contact pressure and temperature profile increase 
with a breakdown in lubricating film. This can therefore serve as a part of condition 
change that can be observed for seal monitoring. However, it is difficult to obtain a 
reading from the seal tip where the values are expected to be maximum. This difficulty 
is due to the small size of the contact band. Chapter 6 devised a means to take such 
difficult readings from other auxiliary parameters, such as shaft torque, speed and 
power using a correlation approach. 
ix. Chapter 7 established a foundation on how to develop a seal monitoring system by 
presenting related works that currently exist. Through the information gathered, multi 
sensor and multi parameter based approaches were proposed as a method to 
determine seal state for diagnostic. 
x. Chapter 8 presented an expert system methodology on how relevant information can 
be collected and unified, to form a knowledge base that can be used effectively monitor 
seal and life prediction. The fuzzy logic if-then rule was explored with membership 
function mapping to formulate rules governing seal state based on the operational 
range formulated in the chapter. The range is used in determining transition of seal 
from the threshold of a healthy seal to a state of faulty seal. 
xi. In chapter 9, a case study example was illustrated to examine effectiveness of expert 
system structure developed in chapter 8. The system was shown to satisfy the 
intended aim and has now been adopted for use for further scenarios. 
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10.2 Observations from the Research 
Material modelling of elastomers was a major part of this study, from which the data usually 
helpful in successfully carrying out analyses of elastomeric component using FEA. Due to the 
problem associated with the availability of a test machine to carry out biaxial test, only uniaxial 
test in tension and compression was conducted, to obtain a suitable hyperelastic material 
model. Thus the material parameters obtained in this work are well suited to the analysis of 
elastomeric components, subjected to tensile and compressive loads. It would be necessary 
to include biaxial test data, where the component is subjected to biaxial loading. Also, it would 
be fair to include data from planar test. Such tests measure the shear behaviour, which can 
be important when modelling components subjected to shear. 
Initially, part of the objective of this work was to incorporate an embedded sensor into the seal 
in order to monitor its in-service life. As such, a resistance sensor was implanted to monitor a 
change in the electrical characteristics of the sensor. The approach was shown to be feasible 
in a situation where the process fluid is a polar solution (electrolytes such as water and acid), 
but was unachievable for organic process fluid (nonelectrolyte such as lubricating oil). 
10.3 Recommendation for Future Work 
Based on the results obtained from this PhD work, some recommendations for future research 
are given in this section. 
 A rotary lip seal is usually protected from mechanical and thermal damage by a thin 
film of lubricant under the lip, separating the lip and the shaft surfaces. This film is 
usually retained within the shaft rough surface. The numerical simulation presented in 
this work treated the shafts surface as perfectly smooth. In the future, a more realistic 
shaft surface with asperities should be considered, so that the effect of shaft surface 
roughness on seal behaviour can be explicitly investigated.  
 For the coupled thermal mechanical analysis, a constant value of CTE was used for 
all the temperature range. However this value is expected to vary at higher temperature 
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test not covered during the test. As such, in the future the value of CTE at higher 
temperatures should be used with the corresponding temperatures employed in this 
study. 
 The experimental test carried out in this study to obtain correlation amongst 
parameters kept the operating parameters (shaft speed, process fluid pressure, 
process fluid temperature and torque) steady. However, in a real life situation, these 
parameters change over time, with a fluctuation in value. As such, in the future 
experimental tests that put into consideration these lapses should be adopted to obtain 
required information. 
 Part of the objectives of this research work was to investigate how a rotary lip seal can 
be monitored. As such, a standalone expert system structure was developed and 
tested within MATLAB environment. As part of future work, and in order to maximise 
the best suite of the structure developed in this research, the ES can be extended 
through a GUI to facilitate inference system design, analysis, and implementation. The 
GUI form of expert system through the chosen predicting fuzzy logic model in this work 
can be built up to make the prediction of seal system quality simple, convenient and 
yet user- friendly, where the user just needs to key in the input value such as seal 
temperature, coefficient of friction, shaft surface wear, shaft power etc. to obtain a 
predicted result with ease. 
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Appendix A 
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Deep cracks in elastomer due to prolonged exposure to high temperatures 
 
 
Surface cracks due to dry running and high lip temperatures 
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Seal lip breakage due to low application temperature and excessive dynamic run out 
 
Softening, swelling, reversion due to elastomer incompatibility with lubricant  
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Oil coking clogs on seal lip 
 
 
Blisters deform seal lip 
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Poor lubrication results in stick-slip and chatter marks in seal wear track 
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Appendix B 
 
 
Result of stress-strain curve on elastomer subjected to tensile loading from test 1 
 
 
Result of stress-strain curve on elastomer subjected to tensile loading from test 2 
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Result of stress-strain curve on elastomer subjected to tensile loading from test 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
0.5
1
1.5
2
2.5
3
3.5
0 20 40 60 80 100 120 140 160 180
St
re
ss
Engineering Strain (%)
stress-strain curve
198 
 
Appendix C 
 
 
Result of stress-strain curve on elastomer (19.5mm height) subjected to compressive 
loading  
 
Result of stress-strain curve on elastomer (10.5mm height) subjected to compressive 
loading  
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Appendix D 
 
Mesh for contact analysis (A) original profile (B) modified profile 
 
 
 
 
 
 
 
 
 
A B 
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Appendix E 
Code to import a specific test data in matlab 
 
%cross correlation for data collected during seal test; 
%a = torque; 
%b = speed; 
%c = oil pressure_rear 
%d = water 200ressure_front 
%e = oil temperature; 
%f = water tempearature; 
 
a =aaa.data(:,16); 
b =aaa.data(:,7); 
c =aaa.data(:,6); 
d =aaa.data(:,5); 
e =aaa.data(:,15); 
f =aaa.data(:,14); 
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Appendix F 
Code to evaluate correlation measure in matlab 
cor_seq= xcorr(a,b); 
cor_seq_1= xcorr(a,e); 
cor_seq_2= xcorr(a,f); 
cor_seq_3= xcorr(a,c); 
cor_seq_4= xcorr(a,d); 
cor_seq_5= xcorr(b,c); 
cor_seq_6= xcorr(b,e); 
cor_seq_7= xcorr(b,f); 
 
stan_corr = sum(a.*b) 
stan_corr1 = sum(a.*e) 
stan_corr2 = sum(a.*f) 
stan_corr3 = sum(a.*c) 
stan_corr4 = sum(a.*d) 
stan_corr5 = sum(b.*c) 
stan_corr6 = sum(b.*e) 
stan_corr7 = sum(b.*f) 
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Appendix G 
 
Test parameters from station 2 
 
Shaft torque from test 2 
 
 
Oil pressure from test 2 
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Water pressure from test 2 
 
 
Water temperature from test 2 
 
 
 
 
 
204 
 
 
Oil temperature from test 2 
 
 
Shaft speed from test 2 
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Motor current from test 2 
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Appendix H 
Test parameters from station 3 
 
Shaft torque from test 3 
 
 
Oil pressure from test 3 
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Water pressure from test 3 
 
 
Water temperature from test 3 
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Oil temperature from test 3 
 
 
Shaft speed from test 3 
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Motor current from test 3 
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Appendix I 
Test parameters from station 4 
 
Shaft torque from test 3 
 
 
Oil pressure from test 3 
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Water pressure from test 3 
 
 
Water temperature from test 3 
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Oil temperature from test 3 
 
 
Shaft speed from test 3 
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Motor current from test 3 
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Appendix J 
 
 
Membership function for shaft torque (input) 
 
 
Membership function for motor current (input) 
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  Membership function for seal temperature (input) 
 
 
Membership function for lip seal state (output) 
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Membership function for shaft state (output) 
 
 
 
